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Face à l’extrême complexité du vivant,
les biotechnologies sont un secteur où
la R&D est particulièrement intensive, ce
qui implique des investissements
financiers considérables. La protection
des résultats revêt donc une importance
capitale pour le développement
industriel des innovations technologiques
(1). Dans ce secteur de pointe, les
brevets représentent la protection la
plus efficace pour sécuriser les
inventions. Par ailleurs, la valorisation de
ces avantages concurrentiels va jouer un
rôle clé dans l’économie et le
développement des entreprises concernées.
Celles-ci vont pouvoir, par exemple,
amortir indirectement les coûts de R&D
en exploitant elles-mêmes leur invention
ou en attribuant des licences
d’exploitation à des tiers. Ces droits
exclusifs et la protection des brevets
eux-mêmes vont être directement
intégrés dans le business model et la
stratégie de développement des
entreprises de biotechnologies (2). En
effet, un portefeuille de titres de
propriété industrielle (PI) régulièrement
renforcé (perfectionnements, applications
nouvelles) et qui s’inscrit dans une
stratégie cohérente est un atout majeur
pour convaincre les investisseurs
potentiels lors des levées de fonds
nécessaires au développement des
sociétés de biotechnologies. De plus, il
renforce les pouvoirs de négociation
auprès des partenaires, clients et
concurrents et lors de la phase finale de
rachat de la société.
Toutefois, ils ne constituent pas
uniquement un moyen de protection. En
effet, les brevets représentent, au même
titre que les articles scientifiques, une
source d’informations incontournable
pour l'analyse de l'état de l'art
technologique mais également pour la
prise de décisions stratégiques.
L’Organisation mondiale de la propriété
intellectuelle (OMPI) rappelle que le
système des brevets « vise à encourager
l’innovation et la croissance économique
». C’est pourquoi, en contrepartie du
monopole d’exploitation accordé au
titulaire du brevet, la demande est
rendue publique 18 mois après la date
de dépôt, et ce quel que soit le pays. Les
caractéristiques techniques nouvelles de
l’invention sont alors dévoilées à
l’échelle mondiale. La divulgation de
cette « information brevet », définie par
l’OMPI comme « toute information qui a
déjà été publiée dans un document de
brevet ou qui peut être tirée de l’analyse
de statistiques relatives aux brevets »,
permet ainsi à tout tiers d’en exploiter
les connaissances, par exemple pour
contourner le titre ou s’y opposer. Elle
couvre plusieurs types de données.
Celles contenues dans la description de
l’invention et ses dessins sont tout
d’abord des informations techniques qui
ne sont souvent pas disponibles en
dehors des documents brevets. Il est
estimé que jusqu’à 80 % des
connaissances techniques actuelles
peuvent être trouvées dans les
demandes de brevets et les brevets
accordés. Au-delà, le titre recèle
également des informations juridiques
qui sont contenues dans les
revendications délimitant l’étendue de
la protection. Celles-ci peuvent être
exploitées pour déterminer la liberté
d’exploitation afin de ne pas être en
situation de contrefaçon. Enfin, des
données liées au business (pays
désignés…) vont fournir des précisions
essentielles pour la prise de décisions
stratégiques. Ces dernières peuvent être
exploitées sous la forme de paysages
brevets, en tenant compte des facteurs
technologiques et de l’analyse de
l’environnement. Établies sous forme de
représentations graphiques de l’ensemble
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LES BREVETS : UNE SOURCE
D’INFORMATIONS STRATÉGIQUES POUR
LES ACTEURS PRIVÉS ET ACADÉMIQUES
Le contexte actuel international de compétition scientifique et économique place les brevets comme un outil
indispensable pour le business des biotechnologies. D’un côté, ils accordent aux titulaires un avantage concurrentiel
en garantissant la protection d’une invention. De l’autre, ils fournissent à tous les acteurs impliqués dans ce








ÉVOLUTION DES DÉPÔTS DES INDUSTRIELS
des brevets d’une technologie, elles vont
leur permettre de manager leur
portefeuille de titres de PI et d’identifier
leur environnement en définissant les
axes de recherche concurrents pour
ainsi mieux définir les orientations
stratégiques avant de lancer des projets
de R&D (rachat de sociétés concurrentes,
négociation de collaborations ou de
licences d’exploitation…). L’analyse des
paysages brevets permet aussi de
déterminer les acteurs clés (déposants
et inventeurs) et leurs réseaux de
collaboration. Elle offre également la
possibilité de détecter des équipes
émergentes, définir des tendances
technologiques, identifier des technologies
complémentaires et estimer la valeur de
certains actifs (brevets fondateurs). Ces
outils d’intelligence économique apportent
donc une meilleure compréhension du
positionnement des compétiteurs d’un
secteur et permettent de suivre
l’évolution de leur environnement. Leur
exploitation correspond purement à une
démarche d’entreprise. Cependant, les
acteurs du monde académique se
retrouvent eux aussi confrontés à ce
même contexte de mondialisation et de
compétition et ont donc de plus en plus
recours à l’information brevet.
Vers une exploitation de
l’information brevet en laboratoires
de recherche publics ?
Les laboratoires de recherche publics
ont une vraie légitimité à exploiter eux
aussi l’information brevets et les outils
d’aide à la décision. Tout d’abord, les
chercheurs académiques peuvent
consulter les informations techniques
des brevets au même titre que celles des
articles scientifiques, dans le cadre de
leur veille bibliographique. De plus, pour
financer leurs recherches, ils sont de
plus en plus amenés à répondre à des
appels à projets (AAP), où la PI est au
cœur même du processus de
valorisation des résultats issus des
laboratoires publics. Au même titre que
les sociétés, la PI, sa solidité et la
stratégie de valorisation des résultats
font partie intégrante des critères
d’éligibilité des projets publics financés.
Par exemple, dans les AAP européens
des Programmes cadres de recherche et
de développement technologique, il est
demandé de « décrire l’état de l’art et les
avancées proposées par le projet, mais
aussi de démontrer le caractère innovant
du programme proposé, en se référant
aux études de brevets préliminaires qui
ont pu être réalisées ». Par ailleurs, les
biotechnologies sont un secteur où
l’émergence de start-up exploitant une
innovation technologique issue de
laboratoires académiques est fréquente.
Le cadre de création de ces spin-off est
même rendu favorable grâce à diverses
mesures comme l’AAP Émergence de
l’Agence nationale de la recherche, le
concours national d’aide à la création
d’entreprises de technologies innovantes,
ou les incubateurs. Enfin, dans le secteur
des médicaments, en pleine mutation depuis
une quinzaine d’années, les partenariats
entre les sociétés pharmaceutiques et les
laboratoires publics se multiplient pour
faire face au défi des innovations
thérapeutiques. L’exploitation de ces
informations stratégiques par un acteur
académique peut donc être un
argument, en plus de son expertise
scientifique, dans les négociations avec
des partenaires industriels. 
Avoir une telle démarche d’entreprise
d’intelligence économique au sein
même d’un laboratoire de recherche
public est un pas supplémentaire vers
l’optimisation des efforts d’innovation.
Par exemple, à l’UMR 6239 - Génétique,
Immunothérapie, Chimie et Cancer de
Tours, l’exploitation de l’information
brevets a contribué à l’obtention de
différents financements de projets du
laboratoire et de plusieurs contrats. En
outre, plusieurs travaux portant sur la PI
de technologies issues de l’ingénierie
génétique ont été présentés, sous la
forme de communications orales et de
posters, lors de divers congrès
internationaux, européens et nationaux.
Par ailleurs, le laboratoire a initié une
collaboration avec la société FIST SA
(France Innovation Scientifique et
Transfert, filiale du CNRS), dont une des
expertises porte précisément sur
l’analyse de portefeuilles de brevets.
L’intégration d’une telle structure
exploitant l’information brevets et
travaillant en étroite collaboration avec
les équipes de recherche représente
donc un réel enjeu. Cependant, cela
reste peu développé en France, à
l’inverse de nombreux laboratoires
académiques chinois qui possèdent une
cellule de veille stratégique et innovent
fortement en biotechnologies.               ❚
Fabien Palazzoli
Doctorant en analyses de la
propriété industrielle en
sciences de la vie




1 - Lire « Savoir déposer des brevets solides dans
l'urgence est une des contraintes des biotech »
dans le n°404 de Bf du 02/02/2009
2 – Lire « Propriété intellectuelle : Cellectis ne
lâche rien » dans le n°459 de Bf du 26/04/2010
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Sustained Transgene Expression Using Non-Viral Enzymatic Systems for 
Stable Chromosomal Integration 
Fabien Palazzoli1,2, Elodie Carnus1,2, Dominic J. Wells4 and Yves Bigot1,2,3,* 
1Université François Rabelais de Tours, GICC, 2CNRS, UMR 6239, 3CHRU de Tours, UFR des Sciences & Techniques, 
Parc de Grandmont, 37200 Tours, France; 4Gene Targeting Group, Department of Cellular and Molecular Neurosci-
ence, Hammersmith Hospital Campus, Imperial College London, London, United Kingdom 
Abstract: Gene delivery technologies have been developed for various biotechnology applications. In gene therapy, they 
are promising for the treatment of several inherited and acquired human diseases. When therapies require the transfection 
of a transgene, the vector integration is one of the solutions that is used for maintaining and sustaining expression. On the 
basis of their origin, vectorisation technologies are currently divided in two fields, gathering on one hand viral vectors 
and, on the other hand, non-viral approaches. In the case of the non-viral therapies, three main sub-fields are in progress to 
integrate transgenes. The first uses oligonucleotides to stimulate targeted gene repair by homologous recombination. The 
second is based on site-specific endonucleases for which the cleavage activity is used to stimulate the host recombination 
mechanisms in the presence of a DNA vector. The third one is developed from phage and transposon enzymatic systems. 
The two lasts sub-fields use non-viral enzymes and are the scope of this review. 
Here, our objective was to overview the main non-viral enzymatic systems able to integrate DNA cassettes. Their molecu-
lar and functional characteristics are summarized, and their properties and limits in the current state of the art highlighted.
An overview of the safety and quality issues is also presented and discussed, taking into account the solutions that might 
circumvent problems, intellectual property and economic status for each system. As a conclusion, we propose projections 
of the future technological developments in the context of the different interests for public and private bodies. 
Keywords: Nuclease, meganuclease, integrase, transposase, transposon, targeting, recombination. 
INTRODUCTION 
 In 2007, over 1340 clinical trials have been completed, 
are on going or have been approved worldwide, using over 
100 genes [1]. Since 2004, the percentage of trials using viral 
strategies remained stable (67%). For non-viral therapies 
using plasmid DNA, this rate has increased and has reached 
18%. Although some studies in vector engineering aimed to 
develop systems made with viral and non-viral gene compo-
nents [2, 3, 4, 5] and whereas most non-viral strategies 
mainly mimic what virus do, both approaches are commonly 
felt as being in rupture at levels of the concepts and tech-
nologies. Another way to distinguish strategies among viral 
and non-viral gene therapies is to consider the mode of main-
taining gene expression in the genetically modified cells. 
Indeed, numerous viral and non-viral therapies used so far in 
clinical trials involved extra-chromosomal DNA vectors con-
taining the transgenic constructs. To date, retrovectors are 
the only efficient vectors able to ensure maintenance of the 
transgene by integration within chromosomes. Wild adeno-
associated virus (AAV) are able to integrate at a specific site 
within the human chromosome 19q under in vitro laboratory 
conditions [6]. However, this property would be deleterious 
if it could occur in vivo in patients [7], and is not conserved 
in recombinant AAV. 
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 In the case of therapies concerning non-dividing cells 
with a low regeneration rate, the maintenance of an extra-
chromosomal vector raises few problems. In tissues where 
cells are frequently regenerated, the maintenance of the vec-
tor is of crucial importance and is directly related to its abil-
ity to be accurately replicated and segregated during cell 
division. Viral mechanisms such as that involving the 
EBNA1 protein from EBV are able to ensure an extra-
chromosomal genome maintained in dividing cells [8]. How-
ever, the deleterious effects of such a mechanism on the bi-
ology of the genetically modified cells do not allow their use 
in gene therapy yet [9]. Beside replication and maintenance 
in cells, the middle and long-term presences of extra-
chromosomal DNA molecules within the cellular nucleus is 
the origin of other problems that can be highly deleterious, 
whatever the vector used. For example, integrations occur 
and create deleterious mutations in host chromosomes that 
can lead to the emergence of proliferative cancer cells if epi-
somal papillomavirus, HBV genome [10, 11, 12], or rAAV 
vectors [13, 14] are middle or long-term maintained ex vivo
and in vivo. Similarly, the introduction of extra-chromosomal 
molecules such as plasmid DNA in the nucleus of eukaryotic 
cells can lead, on one hand, to the creation and the mainte-
nance of very large recombinant DNA molecules just after 
transfection [15] and, on the other hand, to random integra-
tion events [7, 16, 17, 18] that are stimulated by random sin-
gle-stranded and double-stranded DNA cleavages in the 
chromosomal DNA [19]. These integration events, over 
middle and long-term time duration and at the population 
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scale of several million cells, can also lead to the emergence 
of proliferative cancer cells. 
 The integration of the vector is one of the solutions that 
can be used for maintaining, and sustaining transgene ex-
pression in the cells transfected for gene therapy purposes. In 
the case of the non-viral therapy, three main strategies are 
under investigation and none of them is for the moment in-
volved in clinical trials. The first strategy uses oligonucleo-
tides to stimulate targeted gene repair by homologous re-
combination (HR) in an attempt to correct point mutations. 
The two other strategies require the use of exogenous en-
zymes. The second is thus based on the use of site-specific 
endonucleases for which the cleavage activity is used to 
stimulate the host recombination mechanisms in the presence 
of a DNA vector. It allows two kinds of DNA rearrange-
ments: to correct point mutations and to insert a DNA frag-
ment at a precise locus. The third strategy was developed 
from two kinds of mobile genetic elements (MGE; so-called 
parasitic genetic elements (PGE)), phages and transposons, 
which use a DNA molecule as an intermediate. The proc-
esses involving MGE as vectors generally require a source of 
enzyme and a DNA vector donor that is a modified integron 
or a transposase donor. They are mostly used to insert DNA 
fragments. 
 The scope of the present review does not include ap-
proaches involving oligonucleotides that were recently re-
viewed [20, 21] but concentrates on approaches involving 
enzymes such as endonucleases, recombinases and transpo-
sases. Their natural properties of integration efficiency and 
specificity, their genotoxic effects and the problems met to 
sustain transgene expression are synthesized. Approaches 
that aim to circumvent the encountered problems are pre-
sented and the expected performances and perspectives of 
safety and quality for these non-viral integration systems are 
finally discussed. 
1. DIVERSITY OF THE NON-VIRAL ENZYMATIC 
INTEGRATION SYSTEMS 
 To date, two kinds of non-viral enzymatic mechanisms 
have been investigated for gene therapy purposes. The first 
corresponds to artificial DNA endonucleases derived from 
type II restriction enzymes of bacterial origin and homing 
endonucleases, so-called meganucleases that are found in 
phages, bacteria, archebacteria and various eukaryotes [22]. 
These proteins are used to stimulate the host mechanisms of 
HR in order to correct point mutations or to insert DNA 
fragments. The second kind of proteins are DNA phos-
photransferases that mostly originate from prokaryotic and 
eukaryotic MGE. Based on their chemistry, two sub-types of 
phosphotransferases are used, recombinases and transpo-
sases. In contrast to nucleases, the gene delivery processes 
using these enzymes do not require specific host factors to 
trigger the integration. They mobilize the host machinery to 
fill and repair the ends of the vector only after integration. 
1.1. Endonucleases 
1.1.1. Polydactyl Zinc Finger-Nucleases (pZF-Nucleases) 
 The pZF-nuclease system was mainly developed from a 
type II restriction enzyme, FokI, isolated from the bacteria 
Flavobacterium okenokoites. Its homo-dimerization domain 
is required to recognize the asymmetric sequence 5’-
GGATG(N)9/13-3’ and to cleave double-stranded DNA at 
staggered sites [23]. FokI comprises a N-terminal DNA rec-
ognition domain, containing three helix-turn-helix sub-
domains, and a C-terminal DNA cleavage domain, contain-
ing an Asp-450, Asp-467 and Lys-469 catalytic triad close to 
that of the restriction enzyme BamHI [24]. The modular 
structure of FokI allows construction of hybrid endonucle-
ases with novel sequence specificities by substituting its 
DNA binding domain with other DNA binding domains. The 
potential of this modularity was firstly demonstrated by con-
structing a functional enzyme with a new cleavage specific-
ity. This was obtained by linking the DNA-binding domain 
of the Drosophila Ubx homeodomain to the DNA cleavage 
domain of FokI [25]. More interestingly, hybrid enzymes 
were obtained with zinc finger DNA binding domains (ZFD) 
[26, 27]. 
 ZFD are of special interest in engineering the cleavage 
specificity of hybrid endonucleases made with the FokI C-
terminal DNA cleavage domain. Indeed, beside their diver-
sity and prevalence, they are the most abundant DNA bind-
ing domains in eukaryotes [28]. A revolutionary technology 
of molecular engineering was developed 20 years ago to 
obtain tailor-made DNA binding domains able to specifically 
bind to any DNA sequence ranging in size from 3 to 18-bp. 
This technology was developed from a Cys2His2 ZFD back-
bone related to those found in the TFIIIA and Zif268 pro-
teins [29, 30]. This backbone is a 30 amino acid unit consist-
ing of a compact  fold internally stabilized by chelation 
of a single zinc ion (Fig. 1a). Structural analyses have re-
vealed that one ZFD unit typically recognizes three contigu-
ous base pairs of a DNA sequence, and 7 amino acid resi-
dues located from positions -1 to 6, with respect to the start 
of the -helix, are responsible for contacting DNA. Carlos 
Barbas and colleagues have constructed a set of ZFD units 
that target all GNN, most ANN and CNN and a few TNN 
triplet subsites, thus opening the possibility to generate ZFD 
arrays, so-called pZFD, able to specifically bind to a DNA 
triplet oligomer [for review, see 31 and 32]. Different tools 
of molecular engineering and in silico design were devel-
oped to optimize the pZFD affinity for their DNA target [for 
review, see 33, 34, 35, and http://www.zincfingers.org/]. 
Because efficient double-stranded DNA cleavage requires 
dimerization through the FokI C-terminal DNA, the possibil-
ity to fuse it with a pZFD designed and selected to specifi-
cally bind to a sequence of 9 nucleotides (Fig. 1b), opens 
opportunities to target 18-bp long recognition sites, long 
enough to be unique in the human genome [http://www. san-
gamo.com/human/human_thera_overview.html]. A single 
pZF-nuclease can therefore target cleavage in a palindromic 
motif in which inverted 9-bp repeats are separated by an op-
timal spacer of 6 to 8 nucleotides (Fig. 1c) [36]. When no 
palindromic target is present, two different and complemen-
tary pZF-nucleases can also be used (Fig. 1d) [37, 38]. 
1.1.2. Meganucleases 
 Meganucleases are endonucleases that are often encoded 
by introns or inteins (so-called “protein-intron”), behaving as 
a MGE. They recognize large DNA target sites (>12-bp) 
where they produce a double-stranded cleavage [39,
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Fig. (1). Zinc finger and pZF-nuclease properties. a) Canonical 
structure of a zinc finger module consisted of two anti-parallel strands (green arrows) and an -helix, with a zinc cation (grey 
sphere) coordinated by four conserved residues, two cysteines and 
two histines (respectively located in red and blue with their side 
chain). The numbered amino acid residues in orange with their side 
chain at position -1, +2, +3 and +6 relative to the amino-terminal 
end of the -helix are important residues contacting in the major 
groove of the double-stranded target DNA. b) Structural organiza-
tion of a trimeric zinc finger domain bound to the major groove of 
its double-stranded target DNA. In a and b, ribbon representations 
were drawn from the PDB file code 1AAY and MacPyMal facili-
ties. c) Homodimeric zinc finger nuclease bound to a palindromic 
target site. d) Heterodimeric zinc finger nuclease bound to a non-
palindromic target site. A pZF-nuclease target site consists of two 
similar (c) and different (d) binding sites on complementary 
strands, separated by a spacer of 5-6 nucleotides. In this configura-
tion, recombinant FokI endonulease monomers (dark blue spheres) 
fused to the C-terminal of each Zinc finger arrays can form an ac-
tive dimeric nuclease able to cleave double-stranded DNA in the 5-
6 nucleotides spacer between the two pZFD binding sites. 
http://www.cellectis.com/homing.php]. These cleavage sites 
usually correspond to intron-free or intein-free genes. Me-
ganucleases are classified into four families named after con-
served peptide motifs: the LAGLIDADG family, the His-
Cys box family, the GIY-YIG family, and the HNH family. 
To date, only members belonging LAGLIDADG family, I-
CreI and related proteins such as I-AniI, I-CeuI, I-MsoI and 
I-SceI, have been engineered for gene transfer purposes, in-
cluding gene therapy [for review, see 40]. Usually, these 
natural proteins cleave DNA as homodimers or single chains. 
In structure, the LAGLIDADG motifs are central with two 
characteristic  folds facing each other across a 2-
fold pseudo-symmetry that separates monomers (Fig. 2a). In 
each monomer, a four-stranded -sheet provides a DNA 
binding interface that drives the interaction of the protein 
with the target DNA sequence [41, 42]. A natural meganu-
clease therefore targets a double-stranded DNA cleavage 
within a palindromic motif (Fig. 2b). 
Fig. (2). Meganucleases and target site properties. a) Structural 
organization of I-CreI dimer bound to its DNA target. The -
helices andstrands contained in each of both monomers are rep-
resented from N-terminal to C-terminal ends following the rainbow 
colours (blue to red). Ribbon representation was drawn from the 
PDB file code 1G9Y and MacPyMal facilities. b) Sequence of the 
natural I-CreI target site. Trinucleotides boxed in gray correspond 
to nucleotides that can be altered to engineer new I-CreI variants 
that can cleave DNA as a homodimer or a heterodimer, depending 
on the selection process used. 
 Although they result from approaches and research teams 
that are unrelated to those involved with the pZFD-
nucleases, processes to engineer the binding specificity of 
the meganucleases have been developed. They now allow 
designing many new meganucleases with predictable sub-
strate specificities by domain swapping and fusion of hom-
ing meganuclease domains. Mutagenesis also allowed crea-
tion of heterodimeric endonucleases that are able to cleave 
non-symmetric DNA targets [43, 44, 45]. Overall, these ef-
forts have demonstrated that the plasticity of LAGLIDADG 
endonucleases allows extensive engineering, and provide a 
general method to create a second kind of nucleases with 
tailored specificities for sites that do not have to be palin-
dromic. 
1.1.3. Stimulating Point DNA Modifications and Targeting 
Insertion with Endonucleases 
 Genome DNA modifications with endonucleases use host 
mechanisms to repair DNA double-stranded breaks (DSB). 
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DNA DSB are naturally occurring events, potentially caus-
ing chromosomal rearrangement and cell death. There are 
two primary repair pathways in mammals: i) the non-
homologous end-joining (NHEJ) that simply ligates back 
together broken ends and ii) homologous recombination 
(HR) that is a very conserved DNA maintenance pathway 
involved in the repair of DNA DSB or other lesions. To re-
pair lesions, HR promotes exchange of genetic information 
between endogenous homologous sequences as a repair tem-
plate, in a manner most consistent with the synthesis-depen-
dent strand annealing (SSDA) model (Fig. 3a) [for review, 
see 34]. Usually, cells use the sister-chromatid as a template, 
but other homologous loci or exogenous DNA constructs can 
be involved in repair. In mammalian cells, the natural occur-
rence rate of HR between a locus and a homologous exoge-
nous DNA construct ranges from 10-7 to 10-2, depending on 
the cell type and the transfection method used [46]. 
 One of the technologies developed to stimulate HR is to 
use sequence-specific endonucleases that create sites-specific 
DSB. Indeed, DSB and sequence similarities between the 
cleaved site and the DNA template elicit host repair machin-
ery. Importantly, this technology is not limited to gene cor-
rection in order to restore a functional gene (Fig. 3a) or to 
mutate a gene (Fig. 3b), but it can also be used to target in-
sertion or gene inactivation by insertional mutagenesis (Fig.
3c), thus opening a wide range of applications spanning be-
yond the field of the gene therapy. Using pZF-nucleases to 
stimulate HR, it was found that the rates of targeted human 
gene correction reach from 5 to 15% ex vivo, depending on 
the nature of the correction (point mutation correction of a 
functional gene or integration of a DNA fragment), within 
72h of treatment and with no selection of the desired events 
[37, 38]. Under similar conditions, it was found that maximal 
rates of 1 to 10% are obtained ex vivo when gene corrections 
are simulated by the I-SceI meganucleases [40]. Overall, this 
indicates that both kinds of endonucleases have for the mo-
ment similar efficiencies to stimulate gene corrections ex 
vivo by HR. Due to the fact that HR is mostly active during 
cell division, and in the absence of published data on quies-
cent cells, pZF-nuclease and meganuclease systems can be 
considered efficient only in dividing cells [47]. Nevertheless, 
the actual challenge between both systems is not the rate of 
gene correction, but more likely the robustness of the design 
and selection processes to obtain efficient endonucleases and 
Fig. (3). Endonuclease-induced genetic modifications by HR. Endonuclease (EndoN)-induced homology-directed DSB repair in mammalian 
cells is based on the repair of the gene by HR after the induction of a specific DSB. After cleavage, the DSB is processed to form free 3’ 
single-strand tails, a process that requires the Mre11/Rad50/Nbs1 complex. The HR machinery, through the actions of the strand invasion 
protein, Rad51, then uses the free 3’ ends to invade a homologous repair template/donor. How the machinery identifies a homologous repair 
donor remains unclear but it is likely that simple physical proximity plays an important role. In the normal repair of a DSB, the repair donor 
is the sister-chromatid and thus the template is identical to the damaged allele. In gene targeting, the repair donor would be an extra-
chromosomal piece of DNA, in general a plasmid containing the targeted DNA fragment with the modifications. After strand invasion, 
primed DNA synthesis occurs to generate new undamaged DNA using the undamaged DNA as a template. The process is completed by the
annealing of the new strand of DNA with its original partner and subsequent use of that new DNA to template DNA synthesis. Endonucle-
ase-induced gene targeting can be used for gene correction (a) or fragment DNA gene insertion (b) at the meganuclease cleavage site. 
The DSB can also be repaired by Non-Homologous End Joining (NHEJ), an error prone process that can either restore the initial se-
quence, or result in small insertions or deletions of various sizes (c).
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the management of their genotoxicity. 
1.1.4. Translocating Endonuclease Systems into the Nu-
cleus for Gene Correction 
 To date, gene delivery assays with both endonuclease 
systems have been investigated ex vivo, using dividing 
mouse embryonic stem (ES) cells and common cell lineages. 
A two-plasmid system is usually used for transfection em-
ploying lipofectin or polyethylenimine (PEI) as transfecting 
agents, or by nucleofection ([48], Amaxa Biosystem, Ger-
many). The first plasmid is an expression plasmid encoding a 
pZF-nuclease or meganuclease. The second plasmid contains 
the gene of interest that is used as donor template for HR. 
When using a heterodimeric system of endonucleases, two 
expression plasmids are co-transfected. 
1.2. Recombinase and Transposase Systems 
 Integration systems described in this section and investi-
gated for gene therapy purposes were all isolated from MGE, 
such as phages and DNA transposons of bacterial and eu-
karyotic origins. Integrase and transposase systems however 
are distinguished by the origin of the enzyme and the chem-
istry of the reaction involved in the specific integration of the 
transgene. The first system uses site-specific recombinases 
[49], for which the best investigated system is the serine-
integrase of the phage C31. The second involves transpos-
ons belonging to the subclass 1 of the Class II DNA trans-
posons [50, 51], the best investigated elements in vectoriza-
tion for gene therapy purposes being related to the IS630-
Tc1-mariner (ITm), hobo-Ac-Tam (hAT) and piggyBac su-
perfamilies. Although this feature has been rarely investi-
gated to date, one characteristic of the recombinase and 
transposase systems is that they should be able to specifically 
integrate exogenous DNA into chromosomes in non-dividing 
cells. Indeed, they do not require DNA replication to occur 
and can mobilize DNA repair pathways other than HR and 
NHEJ [52-56]. 
1.2.1. Site-Specific Recombinases 
 All site-specific recombinases so far identified fall into 
one of just two families, the tyrosine recombinases and the 
serine recombinases [49, 57]. Both family names were de-
fined by the amino acid residue that forms a covalent pro-
tein-linkage in the reaction intermediate. The main bio-
chemical characteristic of these proteins that distinguish 
them from other recombinases is that the nucleophilic attack 
of the DNA backbone leads to the formation of an interme-
diate in which a tyrosine or a serine residue of the protein is 
covalently bound to the released phosphate on both DNA 
strands [58]. The main models of tyrosine recombinases that 
have contributed to understanding their architectural, bio-
chemical and mechanistic properties in the recombination 
reaction are the lambda Int protein, the Cre protein of phage 
P1, the XerC/XerD proteins of Escherichia coli and the Flp 
protein of yeast. Whereas Cre/lox and Flp/frt have been 
widely used for genomic modification, so far tyrosine re-
combinases have rarely been investigated for development of 
transgene integration systems for gene delivery purposes. 
The requirements in host factors helping the phage integrases 
and the reversibility of the transgene integrations specifically 
mediated by Cre and Flp are probably the main causes that 
have impeded their uses in this field of application [for re-
view see 59]. 
 Phylogenetic analyses revealed that there are three major 
groups of serine recombinases, represented by resolvase 
/invertase related to , Hin and Gin proteins, relatives of 
IS607 transposases and large serine recombinases of which 
the best studied representative is the integrase of the Strep-
tomyces phage C31 [49]. To date, the activity of three ser-
ine integrases have been studied in mammal cells, C31, R4 
and TP901-1. That of the C31 phage has been the most in-
vestigated as an integration system, for gene therapy pur-
poses. 
1.2.1.1. C31 Integrase 
 At present, the structure of phage serine-integrase related 
to C31 has not been determined. However, sequence analy-
ses reveal that the three groups of serine recombinases share 
a catalytic domain of about 120 amino acids for which a 
structure was determined from the  serine resolvase. The 
catalytic domain contains a set of 4 motifs, named A, B, C 
and D, in which A and C were demonstrated to contain the 
critical residues of the serine recombinase active site. In the C31, the catalytic domain is located at the N-terminal end 
and is linked to a large C-terminal domain of about 400 
amino acids whose sub-domain organization, structure and 
function remain to be clarified (Fig. 4a) [60]. 
 In its host Streptomyces genome, the C31 integrase 
needs to pair a phage attP site with a chromosomal or plas-
mid attB site to mediate integration. In nature, the DNA se-
quences of attB and attP sites are 30-40-bp long and are not 
perfectly similar, with only 50% of the nucleotide positions 
being similar (Fig. 4b). The reaction between attB and attP
sites is unidirectional, does not require any host co-factor, 
and leads to the formation of hybrid att sites at both ends of 
the integrated phage, named attL and attR sites which are 
unable to be remobilized by the C31 integrase (Fig. 4c) [61, 
62, http://www.stanford.edu/~calos/research.shtml]. 
1.2.1.2. Targeted Insertion with the C31 Integration in 
Mammal Cells 
 The C31 integration system has been shown to be active 
in human cells. Depending on the cell type, it is able to pro-
mote integrations in 0.1 to 15% of the transfected cells with 
no selection of the desired events [for review see 63]. When 
expressed from a mammalian promotor, the C31 integrase 
mediates precise integration of plasmids bearing an attB site 
into native chromosomal target sequences that share partial 
identities with attP (Fig. 4d). Sequence and statistical analy-
ses have revealed that between 202-764 pseudo-attP sites are 
present in the human genome [64]. Integration assays done 
on cell cultures indicate that about 20 sites are preferentially 
used by the C31 integration system, these preferences vary 
widely depending on cell type. Based on this observation, 
one of the arguments to promote the C31 integration system 
for gene therapy purposes is based on the fact that in the ab-
sence of coincidence between the pseudo-attP sites and the 
proximity of the genes known to lead to proliferative cancer 
(346 genes [65]), the integration properties of this system 
should be safer than systems mediating random integrations. 
372  Current Gene Therapy, 2008, Vol. 8, No. 5 Palazzoli et al. 
To circumvent these problems, methods to engineer the bind-
ing specificity of the C31 recombinase have been devel-
oped [66, 67]. For example, Sclimenti and colleagues have 
selected prototypes of C31 that have a significantly in-
creased integration frequency (2 to 3-fold) and specificity (5-
6-fold) for one particular pseudo-attP site located on chro-
mosome 8. Although the C31 integration system seems to 
be more specific, it remains difficult to evaluate whether this 
argument can be considered decisive because C31 vectors 
also mediate a significant number of aberrant events leading 
to local chromosome rearrangements [68] and the number of 
genetic elements responsible for cancer is potentially under-
estimated [69]. 
1.2.2. Transposases 
 In contrast to integrations obtained by HR-endonuclease 
systems and site-specific recombinases, those mediated by 
transposition do not require any sequence similarity between 
the transgene donor and the integration target. This ability to 
move a discrete DNA fragment from one locus to another 
using a “copy and paste” or a “cut and paste” mechanism 
means that DNA transposons are considered good candidates 
to develop vectors for mutagenesis and gene delivery pur-
poses in animals. As early as the 1980’s, the first animal 
transposon tools were developed from the Drosophila P ele-
ments [70, 71]. However, this is only since 1997 that, with 
the molecular reconstruction of the fish transposon Sleeping 
Fig. (4). Properties of the C31 vectors. a) Domain organization of the C31 recombinase. The green box represented the conserved catalytic 
domain of all serine-recombinases, with S showing the position of the serine nucleotide involved in cleavage activities. Turquoise and dark 
blue boxes corresponded to the cysteine and the Leu/Iso/Val/Met regions. The cysteine region is about 220 amino acid long and contains at 
least 10 highly conserved residues, including three cysteines, two of which being required for recombination. Data were obtained with a 
closely related protein, spolVCA, recombined that the cysteine region would contain in its amino terminal part the DNA binding activity [49].
b) Sequence comparison of the attP and attB sites. (*) indicated identical positions. The central TT core shared by all att sites is boxed in 
gray. A 2-bp staggered double-stranded cleavage is made at each 3’ end of the core during recombination. c) and d) Schematic diagrams of C31 integrase-mediated recombination [62]. c) In nature, C31 integrase performs precise recombination between an attB site located 
in the Streptomyces genome and an attP site located on the C31 phage genome. The outcome is integration of the phage into the host 
genome. The C31 genome is nearly 50 kb long, so integration of sizeable sequences by this enzyme is natural. d) In mammalian cells, 
the C31 integrase system works optimally if the plasmid to be integrated carries an attB site, rather than attP. C31 integrase per-
forms recombination between attB and naturally-occurring genomic sequences related to attP. The typical outcome is integration of a 
single copy of the attB-containing plasmid into the mammalian genome. 
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Beauty (SB), and the demonstration of its activity in human 
cells [72] as well as other related vertebrate models [73], 
DNA transposons were subjected to an increasing interest. 
Since this breakthrough, extensive investigations were per-
formed to develop transposon tools for mutagenesis and gene 
delivery in mammals. Although SB has been the most inves-
tigated laboratory model so far, alternative models have been 
developed with certain eukaryotic and rare prokaryotic ele-
ments, all of them belonging to the IS630-Tc1-mariner
(ITm), hobo-Ac-Tam (hAT) and piggyBac families (Fig. 5a). 
Elements of these 3 families have a “cut and paste” transpo-
sition (Fig. 5b) that is mediated by a transposase oligomer 
that recognizes two inverted terminal repeats (ITR) located 
at both transposon ends, cuts both strands at the outer trans-
poson ends and inserts the transposon into a new target site 
that is duplicated upon insertion. Depending on the perform-
ances of these various transposons and the investments in 
their development, they are classified here as reference and 
alternative systems, or prospects. 
1.2.2.1. Transposon Vectors - the Reference System: Sleep-
ing Beauty (SB)
 A database gathering all the references of the scientific 
and technical documents published on this system is avail-
able and regularly updated at http://www.beckmancenter. 
umn.edu/media/SBTS-Bib7-07.pdf. SB is a consensus verte-
brate Tc1-like element (TLE) reconstructed from 12 closely 
related but inactive TLE sequences isolated from seven dif-
ferent fish species [72]. Like every ITm element, the transpo-
sase (340 amino acids) consists of an ITR binding domain at 
the N-terminal and a catalytic domain containing a DD34E 
triad at the C-terminal. The hinge region linking the N- and 
the C-terminal domains of TLE transposases contains a func-
tional bipartite nuclear localization signal (NLS). The origi-
nal version of SB transposase, so-called SB10, mediates the 
mobility of an element comprised of two ITR of about 230 
bp that flank an inner DNA segment containing the open 
reading frame (ORF) encoding the transposase surrounded 
by short 5’ and 3’ untranslated regions (UTR). Each ITR 
Fig. (5). a) Sequence organization of eukaryotic and prokaryotic transposons investigated so far to develop gene delivery vectors. Genes 
(gray boxes) with or without an intron (white boxes) are flanked by ITRs (white arrows) containing one or two transposase binding sites 
(DR: orange arrows). UTRs are indicated as black lines. Nucleotide motifs duplicated upon integration are indicated at both transposon ends. 
In TLE, the two transposase binding sites at both ITR ends are named outer and inner DR (ODR and IDR). In piggyBac, 13-bp inner inverted 
repeats are indicated with pink arrows. In Tn7, the green AR box locates the position where the antibiotic resistant genes carried by this ele-
ment are located. b) Diagram representation of the five main steps required for the cut and paste mobility cycle of TLE, Tol2, piggyBac,
MLE, ISY100 and Tn7. Step 1, binding of a transposase monomer or oligomer at both transposon ends; Step 2, assembly of the synaptic 
complex; Step 3, transposon excision; Step 4, integration target site binding; Step 5, integration. The transposon is represented with a thick 
black line and its ITRs with orange triangles. Transposase monomer or oligomers that bind to each ITR are represented with grey oval 
shapes. Grey and purple lines correspond to chromosomal DNA at the excision and integration sites, respectively.
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contains two transposase binding sites repeated in a direct 
orientation (DR), and located at the outer (ODR) and the 
inner (IDR) ends (Fig. 5a). To specifically cleave the trans-
poson at its ends, the transposase uses a cleavage signal se-
quence (5'-CAGT-3') located at the outer extremity of the 
ODR, where it spans 4 to 7-bp, depending on the element 
[for review see 74]. 
 When used for gene delivery purposes, SB is a two-
component gene vector system consisting of two plasmids, a 
transposon donor containing an expression cassette-of-
interest cloned between the SB ITR and a transposase source 
corresponding to an expression vector. As the first versions 
of the SB vector system were only able to recover integration 
rates of about 5 x 10-4 in ex vivo cell assays, extensive efforts 
were made to optimize its efficiency. Several prototypes 
were generated, taking into account the ITR binding proper-
ties of the SB transposase [75], its similarities with other 
hyperactive ITm transposases [76], and the possibilities to 
humanize the SB ORF, in terms of codon usage [77]. The 
most active version, HSB17, has a transposition activity 
nearly 17-fold higher than that of SB10. The properties of the 
transposon DNA components were also investigated and 
solutions were found at two levels. First, SB vectors with two 
5’ ITRs were found to be 3-fold more efficient than the na-
tive version [78, 79]. Second, sandwich vectors consisting of 
two SB transposons flanking a large transgenic cassette (6 to 
10-kpb) were developed to restore part of the transposition 
efficiency of vectors with a size over 2.5 kbp [76]. Indeed, it 
was demonstrated that, over 2.5 kbp, increasing the trans-
gene size dramatically decreased the transposition efficiency 
of the SB vectors [73, 80]. Finally, combining these opti-
mized solutions leads to a minimal increase of transposition 
efficiency of at least 33-fold in ex vivo integration assays. 
Depending on the cell type, this results in 2.5 to 17% of the 
transfected cells containing a SB vector integrated by trans-
position [81]. 
 Like every ITm elements, SB has no real insertion site 
specificity, although it was demonstrated that its natural 
preferences are to insert at (TA)n repeats located within a 
DNA segment with a elevated local bendability [82, 83, 84]. 
To circumvent this lack of integration specificity, and be-
cause random integration opens the risk of insertional 
mutagenesis of endogenous genes, two main strategies were 
developed to obtain a targeted SB integration system. The 
first has been investigated by several groups and uses SB-
transposases fused at their N-terminal end with one DNA 
binding domain (DBD such as Gal4, or ZFD like E2C or 
ZNF202) to target integration (Fig. 6a). Although several 
DBD were fused using different peptide linkers to the SB
transposase, very few fusion proteins kept activity for ex vivo
transposition assays, and none of them was able to target 
integration into a specific integration site or fragment [85-
87]. To obtain SB transposase targeting, Ivics and colleagues 
[87] have developed an alternative approach using a helper 
factor able to interact with both the SB transposase and a 
specific target chromosomal DNA site. This helper factor is 
a fusion protein made of the 57 amino acids of the N-
terminal homo-oligomerization domain of the SB transposase 
fused to a DBD able to bind to a specific target chromosomal 
DNA site (Fig. 6b). In this way, they demonstrated that 
about 10% of the integrations occurred at the expected site. 
A proof of principle was also provided for a second strategy 
investigated by the same research team [87]. Indeed, they 
showed that SB vectors could be targeted into a specific lo-
cus by targeting the vector donor rather than the transposase. 
Using as a co-factor, a fusion protein made with two differ-
ent DBD (Fig. 6c), each of them being able to specifically 
bind to the transposon vector or a single chromosomal site, 
they demonstrated that at least part of the obtained vector 
integrations occur at the expected site. Beyond the engineer-
ing of the SB vector system, the principles developed by Iv-
ics and colleagues is of a major interest because the targeting 
of the transgene donor at the proximity of the chromosomal 
site might also be a potential solution to improve the integra-
tion efficiency of the HR-endonuclease and recombinase 
systems and the integration specificity of any other trans-
poson vector. 
1.2.2.2. Transposon Vectors - Alternative Systems
 Tol2 and piggyBac are the two main alternative systems 
to SB. Their theoretical interest is to bring solutions to cir-
cumvent three shortcomings of the SB system: i) a relatively 
modest cargo-capacity, ii) a decreased activity under high 
transposase concentrations (over-expression inhibition) and 
iii) the inability of SB transposases fused to DBD to target 
integrations. Although the data about the second shortcom-
ing can be considered controversial or not fully elucidated 
for the moment [73, 88, 89], since they are still not con-
firmed by biochemical studies that unambiguously demon-
strate that the decrease of activity is directly correlated with 
a dramatic transposase over concentration in transfected 
cells, the section below is mainly focused on the efficiency, 
the cargo-capacity and the integration specificity of Tol2 and 
piggyBac.
Tol2
 Tol2 is a naturally active and autonomous member of the 
hAT family that was characterized from the genome of a 
small teleost, the medaka fish Oryzias latipes [90]. It is 4.7-
kbp in length, has ITRs of 17 and 19-bp, carries an internal 
gene, and is flanked by 8-bp target site duplication. Tol2
does not seem to have any integration site preferences [84]. 
Its internal gene, consisting of four exons, encodes a transpo-
sase that catalyzes the transposition reaction of the Tol2 ele-
ments (Fig. 5a). The structure of the Tol2 transposase has not 
been determined, but that of a closely related element, Her-
mes, has been obtained [91]. Hermes-like transposases are 
three domains proteins. The N-terminal domain is likely the 
site-specific DNA binding domain for recognizing the ITR, 
the central region is a catalytic domain that contains a DDE 
triad, and the C-terminal is the dimerization domain [91-93]. 
Functional dissection of the Tol2 transposable element has 
demonstrated that the design of Tol2 vectors with efficient 
transposition also requires inclusion of regions inner to both 
ITRs, 200-bp from the 5’ end and 150-bp from the 3’ end 
[94]. 
 By comparison with SB, the first quality of Tol2 is to 
have excellent cargo-capacity, since it does not show signifi-
cant differences in efficiency of gene delivery when the 
transgene carried by the vector varies from 2 to 11-kbp [94, 
95]. Its second quality is that a Tol2 kit is available to moni-
tor assays for mutagenesis and gene delivery purposes [96]. 
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However, the Tol2 system, in its current version, only allows 
recovery of about 0.1 to 0.25% of the transfected cells with a 
vector integrated by transposition. Moreover, the few assays 
done for this purposes suggest that, similarly to the SB trans-
posase, its fusion with a DBD leads to the construction of 
proteins inactive for the transposition [89]. 
piggyBac
 The piggyBac transposable element, originally named 
IFP2, was isolated from the lepidopteran cell line TN-368 
(TN = Trichophusia ni, the cabbage looper moth) as a gene-
disrupting insertion within spontaneously arising baculovirus 
plaque morphology mutants [97]. Structurally, this is a 2472-
bp element with 13-bp ITR and additional internal 19-bp 
inverted repeats flanking an ORF encoding a 594 amino acid 
transposase. For the moment, the structure of the piggyBac 
transposase is not determined, but sequence analyses re-
vealed that it would also be a DD[E/D] transposase [56, 98, 
99] whose modalities of the cut-and-paste transposition are 
not elucidated yet (Fig. 5a). The analysis of a wide range of 
insertion sites has revealed that piggyBac vectors insert 
within a TTAA motif that is duplicated upon insertion. How-
ever, integrations do not fully integrate at random, as they 
have a significant preference for occurring in regions sur-
rounding transcriptional start sites and within long terminal 
repeat elements [100]. 
 Since the last decade, vectors derived from piggyBac 
have been successfully and extensively used to make trans-
genic insects. Recently, they were also found to be efficient 
for gene delivery purposes in mammal cells [101]. In a ver-
sion close to that of the natural element, the efficiency of 
piggyBac vectors have been quite oversold [89]. Indeed, 
whether or not piggyBac vectors can be considered 2-fold 
more efficient than the SB11 version, data comparison indi-
cates that it remains at least 15-fold less efficient than the 
HSB17 version [77]. Recent work on the optimization of 
piggyBac vectors have however increased the integration 
efficiency about 23-fold by humanizing the codon usage of 
the transposase [102]. Although no direct comparison has 
been published, it appears that the most optimized SB and 
piggyBac versions have very similar integration efficiencies. 
 In fact, the most interesting properties of the piggyBac
system are its ability to carry a very large transgene (14-kbp) 
and the possibility to design transposases fused with one 
DBD that are active and able to target integration. Using in
vivo transitory transposition assays in insect embryos, it was 
demonstrated that a DBD-piggyBac transposase had its inte-
gration preference dramatically modified. Moreover, such 
fusion proteins also have an integration efficiency that is 
about 10-fold increased compared to controls [103]. 
1.2.2.3. Transposon Vectors - Eukaryotic Systems Investi-
gated as Prospects 
Minos & Frog Prince
 Minos and Frog Prince (FP) are transposable elements 
belonging to the same TLE subfamily as SB. Minos is a natu-
ral element that was characterized in the genome of Droso-
phila hydei (Fig. 5a) [104]. Similarly to SB, FP was recon-
structed from inactive TLE sequences isolated from the 
Northen Leopard Frog, Rana pipiens [105]. Both systems 
have been shown to function in human cells, and even to be 
as active as SB [105, 106]. However, as their cargo proper-
ties and the solutions to modify their integration specificity 
are not significantly different of those of SB, their potential 
for gene therapy purposes have not been further investigated. 
Mariner-Like Elements (MLE)
 MLE, like TLE, consist of one of the ITm families. De-
pending on their sequence similarities, they are classified in 
five subfamilies named: irritans, cecropia, elegans/briggsae,
capitata/melifera and mauritiana [107]. Their DNA se-
quence organization is close to those of other ITm elements, 
their main characteristics being to have short ITRs (20 to 40-
bp) flanking an intronless ORF encoding a transposase (Fig.
5a). The MLE signatures in the amino acid sequence of the 
transposase are the presence of two conserved motifs, 
WVPHEL and YSPDLAP, a DD34D catalytic triad, and a 
CRO/singed-like ITR binding domain that confers properties 
in the assembly of the transposition complex that are differ-
ent to those of TLE [74]. MLE are potentially excellent can-
didates to develop gene delivery vectors. Indeed, they remain 
the transposons for which the amount of fundamental knowl-
edge is probably the most important, and the only ones for 
which a complete set of biochemical, genetic, ex vivo and in
vivo assays is available to develop any process of molecular 
engineering. 
 To date, the properties of three MLE have been investi-
gated in mammalian cells. The two first, Himar1 and 
Hsmar1, are elements belonging to the irritans and cecropia
subfamilies. They were reconstructed and optimized from 
inactive MLE sequences isolated from the fly Haematobia 
irritans and the human genome, respectively [108, 109]. 
Both were assayed in HeLa cells and they were evaluated as 
being as efficient as the SB10 version [2, 109, 110]. The 
third element is a member of the mauritiana family, Mos1.
In contrast to the extremely high activity of Mos1 in the 
worm Caenorhabditis elegans (in which transposition rates 
are 1 to 10 events / cell division in somatic cells and 5 x 10-1
in the germ cells [111]), a very low integration activity is 
found in mammalian cells [89, 112]. This indicates that cer-
tain host factors negatively interfere with the MLE activity 
and prevent the release of their full potential for gene deliv-
ery purposes. 
 There is little chance for Hsmar1-derived vectors to be 
developed for gene therapy purposes, because the Hsmar1 
transposase causes chromosomal rearrangements by mobiliz-
ing the numerous Hsmar1 ITR sequences in the human ge-
nome [113]. However, Himar1 and Mos1-derived vectors 
have properties that remain widely unexplored. First, it 
should be possible to engineer the integration efficiency of 
these systems by circumventing the inhibiting effects of the 
host factors in an attempt to recover an activity close to that 
obtained in C. elegans. Second, they are the only eukaryotic 
elements, together with piggyBac, for which the transposase 
keeps its integration efficiency when it is fused at the N-
terminal end, with most protein domains [114]. Like piggy-
Bac, MLE transposases fused to some DBD have an in-
creased integration efficiency and were demonstrated to be 
able to mediate integration within DNA fragment specifi-
cally recognized by the DBD [103]. 
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1.2.2.4. Transposon Vectors - Prokaryotic Systems Investi-
gated as Prospects
ISY100
 ISY100 is a member of the ITm superfamily, belonging 
to the bacterial IS630 family, that was characterized in the 
genome of cyanobacterium Synechocystis sp. Overall, its 
sequence organization, the transposase’s features and land-
marks of mobility are very close to those of a TLE (Fig. 5a)
[115]. Although its activity has never been assayed on 
mammal cells, the crucial interest is that a ISY100 transpo-
sase fused at its N-terminal end with a pZFD keeps its full 
activity, and has an almost specific integration activity modi-
fied by the presence of a functional pZFD [116]. 
Tn7
 The bacterial transposon Tn7 is the most sophisticated 
element investigated so far for gene delivery purposes (Fig.
5a). Interest comes from its ability to specifically insert 
within a single 35-bp site in the Escherichia coli chromo-
some, called attTn7. This integration target is located 25-bp 
downstream of the coding sequence of an essential gene en-
coding the glucosamine synthetase (glmS). To keep integra-
tion specificity, Tn7 requires four proteins, encoded by the 
internal element. TnsA and TnsB together constitute the 
transposase and carry out the chemistry of transposition. 
TnD, the target selector, binds in a sequence-specific manner 
to attTn7 and recruits TnsC, an ATP-dependent non-
sequence-specific DNA-binding protein that stringently 
regulates the TnsD specific target binding. 
 The integration properties of Tn7 have already been used 
for some biotechnological applications [117, 118]. Although 
it requires four proteins for transposition, the Tn7 system 
remains interesting for gene therapy purposes because of the 
occurrence of attTn7 sites downstream eukaryotic genes. 
Indeed, fructose-6-phosphate transaminases (gfpt) are the 
homologs of glmS in eukaryotes, including human (Fig. 6d)
[119]. These attTn7 sites have a sequence conserved enough 
to be specifically bound by TnsD. In vitro human attTn7 
sites allow specific integration with a frequency of transposi-
tion comparable to the E. coli glmS target. However, trans-
position assays done in yeast or in the presence of human 
nucleosome extracts revealed that Tn7 transposition is re-
duced, likely impaired by factors in eukaryotic cells [120]. 
1.2.3. Translocating Recombinase and Transposon Sys-
tems into Nucleus for Gene Correction 
 To be assayed ex vivo, recombinase and transposase sys-
tems involve two components, a source of enzyme (that can 
be an expression plasmid or messenger RNA), and a donor 
plasmid carrying the transgene of interest flanked by nucleic 
acid motifs that are specifically bound by the enzyme in or-
der to promote the specific recombination of the transgene 
within a chromosomal locus.  
2. GENOTOXICITY AND GENETIC SIDE-EFFECTS 
OF NON-VIRAL ENZYM ATIC INTEGRATION SYS-
TEM S 
 In addition to highly specific genetic modifications or 
DNA integrations in chromosomes, several other side-effects 
of the use of non-viral enzymatic systems need to be consid-
ered for safety issues. Here, only genetic consequences are 
taken in consideration. Due to the lack of data for some of 
the systems reviewed in the previous section, side-effects 
will be only reviewed for pZF-nucleases, meganucleases, C31 and SB, i.e. the most studied systems. Consequently, 
most of the issues raised in this section need to be verified in 
the other non-viral systems to allow accurate comparisons of 
their properties with the reference systems. 
2.1. Genotoxicity 
 Endonucleases, recombinases and transposases are en-
zymes that have DNA cleavage activities mostly controlled 
by their modes of specific binding to the DNA. In general, 
these enzymes are specific when they are bound to their ac-
curate DNA binding sites as organized oligomers. However, 
when these enzymes are expressed in cells for middle or 
long-term durations, when they are not or are badly oli-
gomerized, when their concentration over saturates the ca-
pacity of the cell to repair the DNA damage, their presence 
in the nucleus can have genotoxic effects related to non-
specific single- and double-stranded DNA break activities. 
 Methods for evaluating the genotoxicity of DSB in 
chromosomes have been extensively developed for the 
analysis of various chemical and physical stresses such as 
ionizing radiation [121, 122]. The most commonly used 
method consists of following the presence of DSB in situ,
through the presence of some histone H2AX forms. These 
assays take advantage of the fact that the H2AX molecules 
flanking DSB in the chromatin are rapidly phosphorylated at 
serine residue 139 (4 residues from the C-terminus), yielding 
a specifically modified form named -H2AX. Antibodies 
against -H2AX allow detection of the accumulation of -
H2AX at the DSB sites, so-called -foci. Various techniques 
of immunochemistry or Fluorescence-Activated Cell Sorting 
(FACS) can then be used to quantify the number and/or the 
intensity of the-foci in cultured cells or tissues. Whatever 
the biological material, a basal level of -foci can be deter-
mined, since cells are permanently subject to DSB, then 
compared to the -foci level observed under various stresses. 
Moreover, a threshold from which the cell is not able to re-
pair DNA, and in consequence dies, can be correlated with -
foci amounts. Single-stranded DNA breaks (SSB) resulting 
from non-specific cleavage activities can also have deleteri-
ous effects on the cell viability. At present, there is no im-
munochemical assay available with properties similar to 
those of the -H2AX assay that allows quantifying SSB in
vivo using the detection of protein involved in SSB signal-
ling, such as the poly(ADP-ribose) polymerase-1 (PARP) 
[123]. Other methods for evaluating SSB amounts in cell 
populations have been developed [124, 125], but they have 
not been used so far to investigate the effects of the endonu-
cleases, recombinases and transposases in the context of 
gene delivery. Finally, all the available methods allow over-
all quantification of SBB and/or DSB amounts randomly 
accumulated in the genome. Whether this DNA damage does 
not occur at random, but only in a limited population of 
cleavage sites, these methods likely comprise a bias that 
should lead to under-estimate the effects of SSB and DSB. 
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Fig. (6). Transposon vectors and insertion specificity. Two kinds of strategies were developed with SB to target integration into chromosomal 
DNA: to target the transposase (a and b) or transposon donor at the integration site (c). The components of the targeting systems comprise a 
transposable element consisted of two ITR flanking a gene-of-interest with a promoter for expression (yellow box), a transposase (purple 
shape) that binds to the ITRs and catalyzes transposition, and a DNA-binding protein domain (green oval) that recognizes a specific sequence 
(black box) in the target DNA (parallel lines). In b) and c), the targeting of the transposase is achieved by fusing a specific DNA-binding 
protein domain to the transposase or by using a protein co-factor mode with a DNA binding protein fused with a protein domain able to oli-
gomerize with the transposase. For SB, the transposase domain that allows transposase-transposase interactions was used. In c), the transpo-
sase is not modified but a co-factor protein containing two DBD is added in the system. Targeting is achieved by fusing a specific DBD to 
another protein (dark purple oval) that binds to a specific DNA sequence within the transposable element (pink box). d) Sequence comparison 
of the attTn7 sites located at the 3’ end of the glmS ORF in the Escherichia coli (Ec) genome, and ortholog proteins in the genomes of the 
archebateria, Pyrrococcus horikoshii (Ph), the yeast Saccharomyces cerevisae (Sc), the fly Drosophila melanogaster (Dm), the zebrafish, 
Danio rerio (Dr) and both genes in the human genome, Hs1 and Hs2. These 63-bp regions both contain the DNA binding site of tnsD (nu-
cleotides in bolded letters boxed in grey) and the Tn7 integration site in which the five nucleotides duplicated upon integration are boxed. The 
organisation of the site and the site in which Tn7 integrates are diagrammatized above sequence alignment. Nucleotides conserved in the E. 
coli ORF are in upper letters. The translation of the C-terminal region of the glmS ORF and its othologs is indicated below the sequence 
alignments, stop codons are underlined. 
2.1.1. Endonucleases Genotoxicity 
 The genotoxicity of the pZF-nuclease and meganuclease 
is a well-identified challenge [40]. Depending on the dose of 
endonuclease used and although the I-SceI meganuclease 
was found to be less toxic than pZF-nuclease, cell death and 
apoptosis likely resulting from elevated DSB and SSB rates 
are commonly observed [126-128]. To date, solutions to cir-
cumvent this point were only engineered for pZF-nuclease, 
and consist of improving the DNA binding specificity and/or 
the protein dimerization [129, 130].  
2.1.2. Recombinase and Transposase Genotoxicity 
 Despite the fact that biochemists and molecular biologists 
working on these proteins know that their production is in 
general difficult due to their toxicity for bacteria, the geno-
toxicity in mammal cells is a question that is rarely ad-
dressed in the literature. As a matter of fact, this question is 
also a neglected point for retro-vectors, although it has been 
demonstrated that the expression of the integrase of some 
endogenous retro-elements creates DSB in human cells 
[131]. Solutions have been developed to reduce the exposure 
time of the cells to recombinases and transposases after cell 
transfection. For the moment, they all propose to transfect 
the messenger RNA (mRNA) encoding the enzyme to the 
cells (instead of a DNA plasmid), ex vivo or in vivo [132-
134]. Such solutions were found to limit the persistence of 
the enzyme source and in some case, to improve the effi-
ciency rate of vector integration. Although a similar strategy 
should be applicable to endonucleases, this solution has not 
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been used to reduce their cytotoxic effect. Although some 
recombinases and transposases are difficult to produce fully 
active in mass, only one assay was so far reported in the lit-
erature about the possibility to directly transfect transpo-
sases, such as those of Himar1 or Mos1, by the way of a 
penetrating peptide fused at their N-terminal domain to cross 
through the cellular membrane [135]. 
2.2. Integrations Due to Non-Specific Recombination 
 Two kinds of undesired integrations can occur when a 
cell population is transfected with plasmids for gene correc-
tion or integration, mediated by any of the non-viral recom-
bination systems evoked here. The first results from random 
integrations due to the overload of transfected DNA. The 
second is related to the ability of the endonucleases, recom-
binases and transposases to create non-specific SSB and 
DSB in the chromosomal DNA. Although these events occur 
two to three orders of magnitude less commonly than accu-
rate cleavages, their occurrences are opportunities to stimu-
late incorrect recombination events. In both cases, this leads 
to non-specific single or tandem integrations of the trans-
fected DNA molecules. At the scale of one cell, the occur-
rence of these events can be considered as negligible. How-
ever, when populations of 105 to 107 cells are transfected, 
these events become significant and the probability of pro-
moting the emergence of proliferative clonal cancerous cells 
cannot be neglected. Since the detection of the undesired 
recombination events widely depends on the makers and the 
molecular tools, it can be considered that their presence re-
mains under investigated in the genetically modified cells, 
whatever the non-viral gene delivery system used. 
2.2.1. Endonucleases and Non-Specific Recombination  
 Two kinds of undesired side-effects resulting from inap-
propriate recombination can occur. In the literature, their 
occurrence was mainly illustrated for meganuclease systems, 
whereas their occurrence with pZF-nuclease remain largely 
ignored. The first relies on non-specific cleavage activities of 
endonucleases that increase SSB and DSB and in conse-
quence increase the rate of non-specific integrations and lo-
cal chromosomal rearrangements [136]. In addition, some 
recombination events result in tandem integrations of several 
copies of the plasmids. Although the integration of tandem 
repeats occurs at a locus without mutagenic consequence, the 
integration of concatemers often leads to their silencing by 
heterochromatin formation, and in consequence to the ab-
sence of expression of the integrated transgenes [137, 138]. 
Solutions to circumvent, or at least to decrease, the rate of 
non-specific integration events in part concern the engineer-
ing of the endonuclease specificity that was discussed previ-
ously. A complementary approach is to define optimal trans-
fection conditions that allow reduction of the quantity of 
transfected DNA in cells, both by replacing the enzyme 
source by mRNA or purified proteins, and by decreasing the 
amount of plasmid donor of transgene. 
 The second kind of undesired side-effects occurs at the 
target site and corresponds to additional rearrangement on 
one side of the break. At these “one-side” events, the tar-
geted insertions display one homologous junction and one 
non-homologous one. The occurrence of such events (a few 
percent) appears to be frequent enough to seriously impair 
the use of endonuclease systems to integrate DNA fragments 
[40]. 
2.2.2. Recombinase and Non-Specific Recombination 
 In addition to simple integration events that occur at 
pseudo-attP sites, the C31 integrase appears to carry out 
aberrant events with a frequency of about 10% of genetically 
modified cells made ex vivo. Aberrant integration events are 
not a specificity of the C31 integrase since similar observa-
tions were made with another serine recombinase, Rec en-
coded by AAVs [139]. These events seem to take place at 
pseudo-attP sites and include intra-chromosomal deletions 
and apparent inter-chromosomal rearrangements [64, 68]. 
For the moment, the use of the C31 integrase in mouse 
models has not been associated with adverse events in the 
tissues in which it has been applied, up to 90-days post trans-
fection [62, 140]. However, it must be noticed that the detec-
tion of cancer risks in animals require prolonged observation 
and appropriate genetic backgrounds for the mice to allow 
the detection of emerging tumours. 
2.2.3. Transposase and Non-Specific Recombination 
 No case of chromosomal rearrangement has been de-
scribed so far when transposon vectors were used for gene 
delivery purposes in mammalian cells. However, undesired 
side-effects representing from 10 to 85% of the integration 
events were observed, depending on the cell lineage, when 
using the SB10 system [73, 141]. These non-specific events 
were experimentally detected with genetic assays involving 
the HSV-TK suicide system [142] or LoxP/Cre recombinase 
system [143], which allow selection of the cells with integra-
tions resulting from transposition, and eliminating those re-
sulting from non-specific recombination events or mainte-
nance of plasmid DNA in an extra-chromosomal form. Mo-
lecular analysis has confirmed that these events correspond 
to transposase-dependent non-specific recombination, thus 
integrating in tandem or not the plasmid donor containing the 
transposon vector. Similarly to endonucleases, these non-
specific integrations are likely stimulated by the endonucle-
ase activities of the transposase. Such observations were not 
restricted to ex vivo assays, and similar data were recovered 
when the properties of the SB10 system was investigated in 
mice [143]. 
 Beside the fact that these non-specific integrations 
strongly impair the possibility of developing transposon vec-
tor systems with a controlled ability to integrate the trans-
gene within a specific locus, they also raise serious problems 
with verifying the genomic quality of the genetically modi-
fied cells. In the absence of a counter-selection and controls 
done by Southern blot/hybridization with accurate genomic 
DNA digests, PCR controls done for verifying the transgene 
integration by transposition therefore obscure the non-
specific integrations and mask the real content of the geneti-
cally modified cells. Among studies available in the litera-
ture, a nice example of the shifts encountered between PCR 
and Southern blot/hybridization data is presented in the Fig.
5of Huang and colleagues [144]. 
 In the last seven years, important steps have been devel-
oped to improve the integration efficiency of the transposon 
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vectors and to circumvent the problems related to the trans-
posase maintenance in the transfected cells. However, no 
recent re-evaluation of the rate of undesired side-effects has 
been performed for the most improved versions, such as the 
HSB17 system, and those of the Tol2 and piggyBac vectors. 
2.3. Insulation of the Integrated Vectors 
 Successful gene therapies require a long-term expression 
of the therapeutic transgenes. To make a comparison of the 
ability of these systems to sustain transgene expression after 
integration is a difficult challenge. Indeed, their perform-
ances fluctuate importantly, depending on the cell or tissue 
transfection method used, the cell types or the organs, the 
physiological state of cells (dividing versus non-dividing), 
and the genetic correction expected (DNA sequence correc-
tion or DNA fragment insertion) [38, 40, 62, 145]. Moreo-
ver, whether several works have reported variations of inte-
gration efficiencies between these systems, very few data are 
available about the comparison of their transgene expression 
features over time on a single biological model [146]. For the 
moment, transfecting these systems in non-dividing cells 
have a limited interest since integration and recombination 
are few active. Although most of the negative and mitigate 
results were probably not published, important differences in 
the integration efficiencies between cell types were found, 
such as with stem cells [147,148]. In most somatic cells so 
far transfected with these systems to integrate a transgene 
cassettes contained in a plasmid donor, the expression of the 
marker was demonstrated to be sustained during 3- or 6-
months, at levels that are at least 40- to 100-fold more im-
portant than in the absence of integration. Over 6-months, no 
data are currently available. Under these conditions, it is 
therefore difficult to define from the available data whether 
the transgene marker expression follows a long-term stabili-
zation or a slow asymptotic decrease. 
 The integration of heterologous DNA elements into a 
mammalian genome by various viral gene delivery systems 
are frequently inactivated by de novo DNA methylation 
[149-151]. Albeit not yet investigated for chromosomal inte-
grations resulting from the use of endonuclease or recom-
binase systems, it has been demonstrated that SB transposi-
tion in the mouse genome is associated with changes in DNA 
methylation status at the integration site [152]. Using a non-
selective method to verify the features of integration, Garri-
son and colleagues [153] have recently demonstrated that SB
integrates about 20-fold more frequently within chromo-
somes than previously reported with systems that depend on 
transgene expression. In this work, the silencing of the 
marker gene was correlated with DNA methylation, thus 
there is in mammalian cells a multi-component post-
integrative gene silencing network that efficiently targets 
invading transposon sequences for transcriptional silencing 
[153]. 
 These new data importantly modify our understanding of 
the function of transposon vectors. They reveal that SB vec-
tor has an integration efficiency only two-fold lower than 
those of the lenti-vectors [63, 154]. In this perspective, this 
also raises issues about the actual prototypes of transposon 
systems obtained by molecular engineering. Indeed, since 
these prototypes allow a better expression of the marker gene 
after integration, it is not possible, to date, to define whether 
this efficiency results from an increased ability to transpose 
or from targeting of loci where the transgene is less effi-
ciently silenced by the host machinery or both. In a similar 
fashion, this suggests that the differences of integration effi-
ciency observed between transposon systems [89] may in 
fact result from their propensity to promote transposition in 
loci more or less under the control of the host silencing ma-
chinery rather than variation of “true” transposition activi-
ties. 
 One approach to circumvent the silencing of the inte-
grated transgene is to include within the expression cassettes, 
matrix attachment region (MAR) elements to enhance the 
marker gene expression [155]. Because the study by Garri-
son and colleagues has only recently been published, the 
efficiency of this solution has not yet been investigated in the 
other non-viral systems. 
2.4. Impact of Integration on the Close Genomic Envi-
ronment 
 Although frequently silenced after integration, some of 
the integrated vectors can interfere with their close genomic 
environment. To date, this has only been investigated for SB
vectors, and it was found that both SB ITRs retain a weak 
promoter activity, in both orientations [156]. In addition, the 
inner SB 5’ and 3’ regions that are juxtaposed to the ITR, the 
UTR sequences, are able to enhance gene expression in both 
orientations. The fact that SB ITR can promote transcrip-
tional activity has two kinds of undesired side-effects. First, 
the expression from the SB ITR located at the 3’ end of the 
vector is able to have a negative effect on the expression of 
the transgene, for example by RNA interference. Second, the 
ITR promoter activity may also interfere with the expression 
of the host sequences located in the close neighbourhood of 
the integration locus, and in consequence, to modify their 
expression. Finally, the impact of the expression of the 
marker cassette carried by the transposon vector was also 
investigated and it was demonstrated that it interferes with its 
close genomic environment [157].  
 To circumvent these problems, two solutions have been 
demonstrated to be effective with SB vectors in cell culture. 
First, the impact of the SB vector on the expression of its 
close genomic environment can be partly reduced by com-
pletely removing the UTR parts of the vector constructs 
[156]. Second, the expression cassette carried by transposon 
can be controlled by incorporating minute insulator ele-
ments, such as HS4, at both ends of the marker gene cassette 
[157]. 
3. DEFINING NICHES FOR NON-VIRAL ENZY-
M ATIC INTEGRATION SYSTEM S
3.1. Synthesis of their Properties 
 The main challenge for the future of the non-viral inte-
gration systems in gene therapy begins by clarifying their 
real possibilities, taking into account their qualities and lim-
its, but also the requirements related to each gene therapy 
strategy. As a consequence, the system chosen will depend 
on the nature of the genetic modification that it is required to 
perform (gene correction versus gene addition by integra-
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tion), the status of the modified cells, their own specificity 
and innocuity.  
 When the aim is to correct (in vivo or ex vivo) a point 
mutation at the site of the error within the chromosomal 
DNA, systems involving stimulated HR appear to be the 
most appropriate candidates. Among non-viral strategies, 
they correspond to those using endonucleases, but also to 
non-viral alternatives ensuring DNA repairs by HR stimu-
lated with either triplex-forming oligonucleotides, RNA-
DNA chimeric oligodeoxynucleotides, single-stranded oli-
godeoxynucleotides or short fragment homologous replace-
ment (Table 1) [158]. For the moment, only short fragment 
homologous replacements have been found to perform cor-
rections in certain genes with efficiencies (up to 20%) simi-
lar to those obtained with HR systems stimulated by endonu-
cleases (Table 2). This efficiency appears to be limited by 
the transfection systems, and efficiencies up to 50% have 
been reported with chimeric systems associating a HR sys-
tem with an integrase-defective lentiviral vector delivery 
system [5]. When the objective is to supply a transgene by 
integration, endonuclease-stimulated HR also appears to be 
the solution with the most appropriate potential, even for 
transgenes with a size up to 8-kbp. Despite their lower effi-
ciency, the integration specificity of these systems is a major 
advantage for performing genetic modifications both in vivo
and ex vivo for gene therapy purposes. Moreover, it can rea-
sonably be considered that the size of the integrated frag-
ments will be able to be increased with the optimization of 
the performances of these systems. However there are limits. 
First, endonuclease-stimulated HR can only be used on cells 
and tissues that are cycling, thus excluding possibilities of in
vivo treatments in rarely dividing and non-dividing cells, 
since they require an active DNA replication to be efficient. 
Alternatively, recombinase and transposase systems might 
supply solutions allowing integration in non-dividing cells 
[56]. 
 The second limit that is currently under investigation for 
protein optimization concerns the non-specific nuclease ac-
tivities of the endodonucleases (Table 2). These points re-
quire more extensive investigation, both by precisely defin-
ing all the features of their genotoxicity and by determining 
optimized conditions to supply the endonuclease to the cell 
(mRNA transfection or protein translocation rather than 
transfection of a plasmid expressing the endonuclease). As a 
matter of fact, it must be pointed out that to date, in spite of 
the available background (for example, on the effects of ion-
izing radiations), there is no consensus agreement to set rules 
allowing the development of a pipeline for evaluating the full 
genetoxicity thresholds of the endonuclease systems, but also 
of those involving recombinases and transposases (Table 2). 
Similarly, our mining of the information available on the 
web has revealed that such a pipeline does not exist for the 
impact of the integrase used by the retrovectors, although it 
is demonstrated that the expression of certain endogeneous 
retro-element integrases creates DSB in human cells [131], 
and putatively SSB and chromosome rearrangements. 
3.2. Toward the Definition of Therapeutic Integration 
Site 
 To date, the definition of the requirements to target the 
chromosomal integration of any vectors is mainly driven by 
the need to avoid the deleterious consequences of random 
integrations in a genetically modified cell population of sev-
eral million cells. In this perspective, although integration 
systems such as those of C31 and SB were shown to be 
better at avoiding integration into genes compared to retro-
vectors, they remain able to integrate into genes, thereby 
posing the potential danger of accidental activation or inacti-
vation of an endogenous gene [62, 159]. In addition, the re-
cent update of the definition of what are the physical 
boundaries of a gene, [160] questions the meaning of these 
integration patterns in supporting integration innocuity. This 
therefore raises a new question concerning the definition of 
what might be a good therapeutic integration site for gene 
delivery purposes. This issue is also raised for purposes other 
than circumvention of the putative deleterious effects of vec-
tor integration. Indeed, recent studies by Garrison and col-
leagues [153] have highlighted the need to have site specific 
vectors able to circumvent the extinction of the transgene 
expression upon integration by the host insulation machin-
ery, and thus to reach unaltered transgene expression over 
time. 
 In this attempt, two strategies have so far been investi-
gated. The first is to develop systems able to integrate DNA 
in repeated regions that are involved in the binding to the 
nuclear matrix, so-called MARs (Matrix Attachment Re-
gions). Such a targeting was successfully achieved with SB
vectors using a chimeric protein interacting with both the 
DNA vector and MARs (Fig. 6c) [87]. However, it is not 
clear whether integrations within or at the close proximity of 
such a sequence guarantee the transgene expression in all 
cases, and whether they alter or not the functionality of the 
MAR targets. The second strategy also concerns the use of 
repeated sequences as integration targets. These sequences 
are those encoding the ribosomal RNA (rRNA) 18S, 5.8S 
and 28S that are essential for the survival of the cells. In eu-
karyotic genomes, these genes are tandemly repeated and 
clustered in one or a few loci. The number of gene copies per 
haploid genome varies from 55 in the worm C. elegans to 
several thousands in the frog Xenopus laevis. The human 
genome contains approximate 400 copies of rRNA genes per 
haploid genome, clustered on the short arms of the chromo-
somes 13, 14, 15, 21 and 22. The proofs of principle demon-
strating that these sequences are good integration targets 
(warranting innocuity and sustaining gene expression, what-
ever the promoter used for the transgene expression) were 
obtained by two kinds of experiment, in fields where the 
scientific backgrounds and objectives are quite different to 
those encountered in gene therapy. The first data set came 
from research groups working on the engineering of yeast as 
factory cells to produce recombinant proteins. They have 
demonstrated that the disruption of one or a limited number 
of the rRNA genes with vectors integrated by HR has no 
impact on the cell viability [161, 162]. They also showed 
that transgene integrations within rRNA genes allow perma-
nent and elevated rates of expression, without any require-
ment of MAR sequences in the vector [163]. One similar 
evidence was also obtained in other unicellular eukaryotes 
such as protozoons [164]. The second data set were provided 
by research groups working on DNA transposons [165], and 
retro-transposons [166] that have strategies of specific inte-
gration into genomic niches containing repeated genes such
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Table 1. Application Niches for Non-Viral Enzymatic Integration Systems and Alternative Technologies  
Genetic M odification Non-Viral Enzymatic Integration Systems Alternative Technologies 
Correction of point mutations at specific loci pZFD-nuclease 
Meganuclease 
Triplex-forming oligonucleotides 
RNA-DNA chimeric oligodeoxynucleotides 
Single-stranded oligodeoxynucleotides  
Short fragment homologous replacement 
Sequence integration using a site-specific inte-




Sequence integration using an integrating vector 
pZFD-nuclease 






Table 2. Beneficial and Undesired Side Effects on the Genetic Properties of the Transfected Cells with Non-Viral Enzymatic Inte-
gration Systems 
 Properties Undesired side-effects 










gies to engineer 
specificty) 
Non-specific 














Integrative viral vector of reference
Lentivirus [150] 99% 8-kbp* Intragenic regions NA NA NA controllable 
Non-viral enzymatic integration system 
pZFD-nuclease [37,38] WS: 5 to 
15% 
 8-kbp* Site-specific Elevated NA NA NA 
Meganuclease [40] WS: 1 to 
10% 
DNA Site-specific weak  20% NA NA 
C31 recombinase [62] WS: 0.1 to 
15% 
 50-kbp* Degenerated site 
specificity 
NA NA <10% NA 
SB [76,77,149] SC: 2.5 to 
17% 
WS: 55% 
 10-kbp UD/TP NA# 5 to 85 % NA controllable 
Tol2 [94,95] SC: 3% 
WS: ? 
 10-kbp* UD/TP NA# NA# NA NA 
piggyBac [89,102] SC: 3% 
WS: ? 
 14-kbp * UD/TP & FTpase NA# NA# NA NA 
MLE [110] SC>1% 
WS: ? 
 5 to 13-kbp UD/TP & FTpase NA# NA# NA NA 
SC, Under selective conditions; WS, without selection; (*) points out systems with a roughly constant integration efficiency whatever the transgene cassette size above the maximal 
limit; TP, targeted plasmid; FTpase: Transposase fused with a DBD; UD, the natural specificity was notified as being undetermined since available data only from cell clones obtained 
from maker selections and do not account for integration biases revealed by Garrison and colleagues [149]; NA, not available; (#) locates the systems for which effects are suspected 
to be significant from biochemical knowledge of the enzyme; IS, Integration site. 
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as rRNA, tRNA, and snRNA, or repeats such as microsatel-
lites, telomeric or sub-telomeric repeats [167]. Studies with 
these MGE have demonstrated that the disruption of few 
repeated genes does not alter the host viability, and that inte-
gration in genes such as rRNA guarantees innocuity and 
gene expression either by the RNA polymerases 1, 2 and 3. 
 Recent studies have started investigating rRNA genes as 
an integration target for gene therapy purposes. All of them 
were based on the use of vectors integrated by HR. Such an 
approach was for example used to specifically insert se-
quences in artificial chromosomes containing rRNA genes 
[168]. More interestingly, a research team in Medical Genet-
ics of China (Changsha) directed by Professor Xia Jia-hui 
has developed a non-viral vector that allows the specific in-
tegration of exogenous DNA fragments into the human 
rRNA genes. This allowed them to demonstrate that a tar-
geted, elevated and sustained expression of factor VIII and 
vascular endothelial growth factor (VEGF) can be obtained 
ex vivo in hepatocytes and endothelial cells [169-172]. Al-
though these studies highlight the potential to use rRNA 
genes as integration targets, the fact that all to date have used 
vectors functioning by passive HR has decreased their inter-
est because they only allow integration efficiencies ranging 
from 10-5 to 10-4. Moreover, it is unlikely that HR systems 
stimulated with tailored endonucleases would be a valuable 
solution to increase the integration efficiency. Indeed, the 
coding sequence of the rRNA genes is perfectly conserved 
(100%) within the genome of each species. If a tailored en-
donuclease is designed to specifically cleave within rRNA 
genes, its activity will be very likely be fatal for the cell, 
since the enzyme would fragment most of the rRNA units by 
double-stranded DNA cleavage, thus destroying these loci 
which are essential for cell viability. From this standpoint, 
the use of transposon vectors targeted for integration into 
RNA genes, using for example, protein domains able to spe-
cifically bind to these genes [173], seems to be a safer and 
more valuable solution. 
3.3. Intellectual Property (IP) Status of Non-Viral Enzy-
matic Integration Systems 
 To check the future technological perspectives of non-
viral enzymatic systems, an important issue, which is going 
to affect the private investments and those of the state scien-
tific and medical bodies, is the possibility to develop exploi-
tation plans for each technical and therapeutic application. In 
fact, these plans widely depend on the IP status of each tech-
nology. Here, a brief overview of a study concerning IP in 
this field is presented, the complete work will be presented in 
another manuscript [174]. 
3.3.1. Methods Used to State the Art for IP 
 Our study was developed using the esp@cenet® facilities 
at http://ep.espacenet.com/advancedSearch?locale=en_EP, 
and its database release of April 2008, except for the Zinc 
Finger technologies for which the February 2007 release of 
the QPAT database (Questel) was used at http://www.qpat. 
com/index.htm. Results are summarized in the Tables 3a and 
b and were obtained using the advanced search option of 
esp@cenet®. Keyword combinations about non-viral enzy-
matic integration systems were sought inside the patent titles 
and the abstracts. Results supplied by esp@cenet® are orga-
nized in patent families (patent applications and publica-
tions), all the patents of a family having the same priorities 
(i.e. a French and a US patent concerning the same invention 
are gathered in a single patent family). Results in Tables 3
present patent families that only concern non-viral enzymatic 
systems for gene delivery purposes. Our investigations were 
restricted by two main factors. First, we used a limited selec-
tion of specific keywords, and two databases. Second, the 
mining process has several inherent limits. Indeed, patent 
laws and patent office jurisdictions are different, according 
to the countries. Patent mining therefore depends on the way 
of writing for the title and the abstract (describing the con-
tent of the invention), the last one putatively having a scope 
that is more or less general or ambiguous. This problem was 
circumvented for some related patent families for which no 
word in the patent title and abstract matched with the key-
words used (e.g. in WO2008027384). They were located by 
using inventor references found in other patents or literature. 
The esp@cenet® website makes important provisions re-
garding to the terms and conditions of use for esp@cenet®, 
especially about availability and liability. Indeed, the Euro-
pean Patent Office (EPO) does “not accept any responsibility 
for the accuracy of data and information originating from 
other authorities than the EPO, including but not exclusively 
whether they are complete, up-to-date and fit for specific 
purposes”. In consequence, this led us to remove from our 
study several patent families for which no access to claims 
was available. This was met, for example, with several non 
translated Chinese and Japanese patents, for which no Patent 
Cooperation Treaty extensions were available. 
3.3.2. IP Status 
 In the last 15 years, the non-viral enzymatic integration 
systems detailed in this review have been patented (Table 
3a): endonucleases (36 patent families), recombinases (7) 
and transposases (37). The main claims of these patents are 
focused on the processes to engineer the properties of each 
non-viral enzymatic integration system and their potential 
uses. It is striking that there are few patents specifically 
dedicated to the modification of mammalian cells, except for 
I-SceI, Tol2 and Sleeping Beauty. This highlights the fact 
that non-viral enzymatic integration systems are patented for 
a wide range of applications since these technologies have an 
interest that spans beyond gene therapy, in various biotech-
nology fields that require genetic modifications. 
 Our results revealed that no patent was founded for the 
meganucleases I-CeuI and I-MsoI, and for the transposase 
ISY100. However, it must be keep in mind that “an absence 
of evidence is not an evidence of absence”, as reminded at 
http://ep.espacenet.com/?locale=en_EP&view=seven. Except 
for these systems, each non-viral enzymatic integration sys-
tem reviewed in this manuscript comprises at least one patent 
family, with more than one patent application (patents filed 
in many countries, hence a resulting monopoly), except for 
the Himar1 transposase (two patent families of one patent 
applications). Most of the applicants and inventors in these 
patents are specialists with very significant backgrounds in 
the enzymatic integration systems and these authors of scien-
tific publications are considered as the milestones of this 
field. Interestingly, it must be noticed that the investment of 
the state and private bodies in patenting these technologies
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Table 3b. Limited Intellectual Property Status of Molecular Processes Required for Modifying their integration Specificity of Non-
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are very different, state bodies playing a strategic role for the 
emergence of the technology, whatever the country (c.f. 
3.3.3 section). The IP of the pZF-nuclease and the C31 sys-
tems, and those considered so far as being the most valuable 
transposon systems (Sleeping Beauty and PiggyBac), belong 
of US bodies. In this IP overview, European bodies are only 
in a favourable position for the meganuclease, Hsmar1 and 
Mos1 systems, whereas Japanese bodies appear to set their 
sights upon the Tol2 transposon systems. Patent families 
concerning the FP and Minos systems also belong to Euro-
pean bodies but the robustness of their IP seem to be more 
fragile, since their claims might be considered as being al-
ready covered by anterior patent families concerning a 
closely related element, SB. Similarly, certain patent families 
concerning TLE and MLE (e.g. WO9909817), seem to pro-
tect crumbly IP, as they could involve more than one inven-
tion in each patent family (the unity of invention being that 
TLE and MLE are now considered two different entities), 
and/or because the definition of the patented systems can be 
considered as inaccurate, in the light of the knowledge ac-
cumulated in the last 10 years. 
 Among the technology that can be used to improve the 
properties of the enzymatic integration systems, the IP con-
cerning the engineering of the ZFD gather about twenty pat-
ent families (Table 3b) that span from the ZF design, the 
linkers to associate ZFD, the processes to select pZFD with 
elevated DNA binding efficiency and specificity, to the pro-
duction methods of ZF proteins. Overall, these patent fami-
lies lock all the required elements to be in position to moni-
tor the ZF technology. The majority applicants are state and 
private US bodies, and comprise the Massachusetts Institute 
of Technology (US), the Scripps Research Institute (US), 
Toolgen (KR), Syngenta Participations (CH), Gendaq (GB, 
acquired by Sangamo), the Medical Research Council (GB), 
Genome Dynamics (US), the University of Washington 
(US), and Sangamo Biosciences (US). 2005 saw the devel-
opment of a world network, the Zinc Finger Consortium, in 
order to “ensure and to promote continued research and de-
velopment of engineered zinc finger technology” 
(http://www.zincfingers. org/default2.htm). Sangamo Bio-
sciences, the “worldwide leader in the design and develop-
ment of engineered zinc finger DNA-binding proteins (ZFPs) 
for gene regulation and gene modification” 
(http://www.sangamo.com/about/about. html) and members 
of the Zinc Finger Consortium hold key patents for the 
whole technology of based-Zinc Finger Domains targeting. 
Therefore, all the uses of ZF technology depend on their 
patent families (gene regulation, gene transfer etc.), thus 
restricting, or at least slowing down, the possibilities to ex-
tensively commercially exploit this technology for various 
gene delivery purposes, including gene therapy [175]. To 
some extent, such an observation can also be considered 
valuable for the meganuclease systems. 
 Regarding fusion proteins with targeted integration pref-
erences (Table 3b), several patent families entitled “Trans-
poson-Based Targeting System”, “Development of a trans-
poson system for site-specific DNA integration in mammal-
ian cells”, and “Transposon-based vectors and methods of 
nucleic acid integration” (various patent families have the 
same name and modifications in their claims) respectively 
belong to the Max Delbrueck Centrum (DE), the Leland 
Stanford Junior University (US), and the Vanderbilt Univer-
sity (US). The first and the second patent families claim tar-
geting systems with a “transposase” or a “transposon”, fused 
to a “DNA targeting domain” or a “site-specific DNA bind-
ing protein”. The third last patent family (“Transposon-based 
vectors and methods of nucleic acid integration”) claims a 
“composition” with “an integrating enzyme”, which can be 
“selected from the group consisting of transposase, integrase, 
retrotransposase, recombinase, bacteriophage integrase, inte-
gron, terminase or retroviral integrase”. That is the reason 
why the international search authority has found five claimed 
inventions for the patent application WO2004009792 (family 
of the patent CA2533708), one for each transposase, recom-
binase, integrase, integron, and terminase-based composi-
tions. Overall, some ambiguities and the excessively wide 
coverage of the claims included in these patent families 
(more than one protected invention) should allow most bod-
ies to circumvent the IP constraints associated with these 
documents, or at least will oblige the different bodies to ne-
gotiate the use rights for these technologies. 
3.3.3. Impact of IP on the Development of Non-Viral En-
zymatic Integration Systems 
 Esteban Burrone (Consultant, SMEs Division) explains 
on the World Intellectual Property Organization (WIPO) 
website 
(http://www.wipo.int/sme/en/documents/patents_biotech.htm
) that “the strong growth of the biotechnology industry in 
recent years has been mirrored by a higher than average 
growth rate for patent applications and patent grants that 
relate to biotechnology inventions”. He also stated that “the 
growth in the number of patents in the field of biotechnology 
is largely due to the importance that life sciences and bio-
technology companies attach to intellectual property, particu-
larly patents”. Often, such companies arise from scientists 
that spin off biotech companies with the technology they 
developed in university laboratories. This is the case of Ma-
noa Biosciences “a new life sciences company specializing 
in non-viral horizontal gene insertion as it pertains to animal 
transgenesis and gene therapy” (http://www.manoabio sci-
ences.com/). This company has “the exclusive rights to six 
transgenesis technologies licensed from the University of 
Hawaii” and “has secured exclusive assignment rights for the 
chimeric transposon technology from Vanderbilt Univer-
sity”. This biotech company is one of the companies special-
ized in gene transfer using non-viral vectors, like Discovery 
Genomics Inc. and TranspoVec Corporation. 
 As also indicated by Esteban Burrone, “Patents is at the 
core of the Biotech Business”. The invention protection, by a 
patent, and the patent itself are key elements of the strategy 
for biotech companies. For example, Cellectis (Table 3a,
meganucleases), “a worldwide leader in the research, devel-
opment and commercialization of rational genome engineer-
ing technologies” (http://www.cellectis.com/), have sued its 
US competitor Precision Biosciences (Table 3a), for patent 
infringements about meganucleases technology (http://www. 
cellectis.com/news.php). “The lawsuit seeks both monetary 
damages for infringement, as well as a permanent injunction 
preventing Precision BioSciences (Table 3a, meganucleases) 
from any further making, using or selling of such meganu-
cleases”. In 2007, Cellectis won “a patent battle in the field 
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of targeted recombination and gene correction” with the in-
validation of a European Patent owned by Johns Hopkins 
University (Table 3a, nucleases) and licensed to Sangamo 
Biosciences (in spite of an appeal of both them). These pat-
ent fights highlight the problem of defining the limits of bio-
tech patents and rights to exclude invention exploitations to 
third parties.  
4. CONCLUDING REMARKS 
 Recent advances in engineering non-viral integration 
systems indicate that they are not only promising alternatives 
to viral integrative vectors, but that they can offer unique 
solutions to repair genes, and to target “safe” integrations of 
exogenous DNA vectors into chromosomes. Two important 
issues should have to be investigated before entrying into 
clinical phases. The first is to define niches of therapeutic 
applications and whether these technologies must be limited 
to strategies involving an ex vivo step then a grafting to the 
patient of the genetically modified cells, or whether they 
present real decisive advantages on viral vectors allowing 
use in vivo. In fact, the main part of the answer will depend 
of the technical means that are available to specifically ad-
dress these integration systems to cells or tissues. The second 
important issue is related to the toxicity of these systems that 
remains widely under explored over the medium to long term 
duration of use in current in vitro laboratory models and in 
the pre-clinical models.  
 An efficient and adapted exploitation of these technolo-
gies will therefore require making important investments. To 
date, their development can be considered less extensive than 
that of the viral integrative vectors, partly because of the 
background and the size of the community working in this 
field which is much smaller than the number of virologists 
involved in gene therapy issues. However, there are also 
endogenous causes in this community that limit the invest-
ment in technological developments for gene therapy pur-
poses. Indeed, there is an abundant literature demonstrating 
that non-viral integration systems have an interest that goes 
beyond gene therapy, in the various biotechnology fields that 
involve genetic modifications. This is due to the fact that 
these systems work in a wide host range, on potential appli-
cations that are easier to reach, and less exacting to develop 
in term of safety than those concerning gene therapy. In con-
sequence, whereas the community working on the develop-
ment of most viral vectors is “mainly” focused on human 
health issues, that working on non-viral integration systems 
can be considered less involved on gene therapy issues. An-
other inherent limiting factor finds its origin within the IP 
issues that can discourage and hinder new research and de-
velopment bodies to invest and to reinforce the development 
of these technologies, since they will not be in position to 
recover any benefits of their investments. Indeed, consider-
ing what are so far the most promising solutions of non-viral 
integration technologies, they are heavily patented by a few 
bodies and, in consequence, locked. From a non-US point of 
view, in the position of a state or an organisation such as the 
European Commission, there will be a reluctance to stimu-
late investment in programs to develop these technologies 
when no valuable exploitation plan can be contemplated at 
the economic level. 
 In conclusion, there is much to be done to establish non-
viral integration systems as an efficient and safe alternative 
to the use of integrating viral vectors. Such developments 
could be constrained by intellectual property issues and the 
ability of various state and private bodies to resolve these 
issues will be critical in the timely development of these 
technologies for treatment of human diseases. 
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ABBREVIATIONS 
AAV = Adeno-associated virus 
DBD = DNA binding domain 
DNA = Deoxyribonucleic acid 
DR = Direct repeat 
DSB = Double-strand break 
EBV = Epstein-Barr virus 
EPO = European Patent Office 
ES cell = Embryonic stem cell 
FACS = Fluorescence-Activated Cell Sorter 
FP = Frog Prince
hAT = Hobo-Ac-Tam
glmS = Glucosamine synthetase 
gfpt = Fructose-6-phosphate transaminases 
HBV = Hepatis B virus 
HR = Homologous recombination 
IDR = Inner direct repeat 
IP = Intellectual property 
ITm = IS630-Tc1-mariner
ITR = Inverted terminal repeat 
MAR = Matrix attachment region 
MGE = Mobile genetic element 
MLE = Mariner-like element 
NHEJ = Non-homologous end-joining 
NLS = Nuclear localization signal 
ODR = Outer direct repeat 
ORF = Open reading frame 
PEI = Polyethylimide 
PGE = Parasitic genetic element 
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pZFD = Polydactyl zinc finger domain 
SB = Sleeping Beauty
RNA = Ribonucleic acid 
SSB = Single strand break 
SSDA = Synthesis-dependent strand annealing 
TLE = Tc1-like element 
UTR = Untranslated region 
WIPO = World Intellectual Property Organization. 
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Abstract DNA transposons are considered to be good
candidates for developing tools for genome engineering,
insertional mutagenesis and gene delivery for therapeutic
purposes, as illustrated by the recent first clinical trial of a
transposon. In this article we set out to highlight the interest
of patent information, and to develop a strategy for the
technological development of transposon tools, similar to
what has been done in many other fields. We propose a
patent landscape for transposon tools, including the changes
in international patent applications, and review the leading
inventors and applicants.We also provide an overview of the
potential patent portfolio for the prokaryotic and eukaryotic
transposons that are exploited by spin-off companies.
Finally, we discuss the difficulties involved in tracing rele-
vant state-of-the-art of articles and patent documents, based
on the example of one of the most promising transposon
systems, including all the impacts on the technological
development of transposon tools.
Keywords Gene delivery  Biotechnology 







DNA Deoxyribo nucleic acid





IPC International patent classification
NL Netherlands
NO Norway
PCT Patent cooperation treaty
R&D Research and development
RNA Ribo nucleic acid
SB Sleeping Beauty
TE Transposable element
US United States of America
WIPO World intellectual property organization
ZFD Zinc finger domain
Electronic supplementary material The online version of this
article (doi:10.1007/s10709-009-9426-3) contains supplementary
material, which is available to authorized users.
F. Palazzoli
UFR des Sciences & Techniques, Universite´ Franc¸ois Rabelais
de Tours, GICC, Parc de Grandmont, 37200 Tours, France
F. Palazzoli  Y. Bigot (&)
UFR des Sciences & Techniques, CNRS, UMR 6239,
Parc de Grandmont, 37200 Tours, France
e-mail: bigot@univ-tours.fr
F.-X. Testu
UFR de Droit, Economie et Sciences Sociales, Universite´
Franc¸ois Rabelais de Tours, CRDP, 50, Avenue Jean Portalis,
37200 Tours, France
Y. Bigot
UFR des Sciences & Techniques, CHRU de Tours,
Parc de Grandmont, 37200 Tours, France
F. Merly
France Innovation Scientifique & Transfert SA,





Transposable elements (TEs) were discovered more than
half a century ago by Barbara McClintock. They are
genetic agents responsible for the chromosomal breaks and
alterations of gene expression, and have considerably
remodeled prokaryotic and eukaryotic genomes over the
course of evolution. These DNA fragments have the par-
ticular characteristic of moving from one chromosomal
locus to another within their host genome. TEs are divided
into two main classes on the basis of their transposition
mechanism. Class I consists of retrotransposons, whereas
Class II includes the elements known as ‘‘DNA transpo-
sons’’. Class-I TEs move via an RNA intermediate that
undergoes reverse transcription in DNA before being
reinserted into the host genome. We will not consider these
elements any further here, since so far most transposon
tools have been engineered from Class-II TEs. DNA
transposons transpose by a cut-and-paste mechanism, using
a double-stranded DNA molecule as intermediate. The only
Class-II elements that transpose by a different mechanism
are the Helitrons and related elements, that transpose by
rolling-circle replication, Marvericks (also known as Pol-
inton), whose the transposition mechanism is not yet
known, and the bacterial IS200/605 family of insertion
sequences that transpose as a single-stranded transposon
circle (Feschotte and Pritham 2007; Barabas et al. 2008).
Because of their mobility, for over two decades DNA
transposons have been considered as good candidates to be
used to develop tools for insertional mutagenesis, genomic
engineering and gene delivery purposes. Transposon-based
Research and Development (R&D) programs have rapidly
been in position to propose prototypes and suggest strate-
gies to engineer them. The first transposon tools were
developed from natural elements (Spradling and Rubin
1982). Once scientists had become aware of their potential,
they tried to enhance their mobility by selecting hyperac-
tive mutants (Lampe et al. 1999; Baus et al. 2005; Germon
et al. 2009; Lampe 2009), or engineering molecular
reconstructions (Lampe et al. 1996; Ivics et al. 1997;
Miskey et al. 2003). An example of this is the Sleeping
Beauty (SB; Ivics et al. 1997; Izsva´k et al. 2000) reference
transposon system, which is used to integrate exogenous
DNA into cellular vertebrate genomes (Yant et al. 2000).
Subsequently, attempts have been made to improve the
properties of transposon tools by adding capabilities, such
as site-specific integration by modifying transposases, or
developing new strategies to target the transposon vector to
its integration site using DNA-binding domains (DBDs;
Wilson et al. 2005; Yant et al. 2007; Ivics et al. 2007). The
most promising DBDs are the Zinc Finger Domains (ZFD;
Beerli and Barbas 2002; Papworth et al. 2006; Gamsjaeger
et al. 2007; Sander et al. 2007), because they can be
tailor-designed in vitro to be specific for any site in the host
genome.
Transposon-based technologies have now been devel-
oped for a variety of biotechnology applications, including
gene delivery for gene therapy purposes (Williams 2008).
Recently the National Institutes of Health Recombinant
DNA Advisory Committee announced the assessment of
the first clinical trial involving a transposon vector, entitled
‘‘Adoptive immunotherapy for CD19? B-lymphoid
malignancies using SB transposition to express a CD19-
specific chimeric antigen receptor in autologous ex vivo
expanded T cells’’. This first clinical trial with SB have
been launched about a decade after the patenting of the SB
vector invention (WO9840510). Clinical trials are therefore
still in progress long after patent applications have been
submitted, as these need to be submitted early in the
development of research programs, before the researchers
know whether their invention will in fact form the basis of
an exploitation plan. This highlights the importance of
patents in R&D, and in particular in Biotech, where the
R&D costs are high. From this standpoint, there is an
increasing need for the researchers in life and sciences to
challenge the ins and outs of the patenting procedures, and
their implications for the future of their research programs.
The ‘‘ins and outs’’ of patents
Patenting procedures & source developments
The World Intellectual Property Organization (WIPO)
defines a patent as ‘‘an exclusive right granted for an
invention, which is a product or a process that provides, in
general, a new way of doing something, or offers a new
technical solution to a problem’’ (ws1, Sup. Mat. 1). To be
patentable, the invention must fulfill patentability condi-
tions: it must be of practical use and must have an element of
novelty with characteristics that are not already known in the
body of existing knowledge, known as the ‘‘prior art’’. The
invention must correspond to something that cannot be
deduced by a person of the art, who has an average knowl-
edge of the technical field. Briefly, the procedure to obtain
patent protection requires that the applicant, a public or
industrial entity, submits a patent application, generally to a
national office, such as the United States Patent and Trade-
mark Office in the US, or the Japan Patent Office in Japan.
This document contains a title, an abstract, a precise
description of how the patented invention functions, illus-
trations, and above all, claims that define the scope of the
invention protection (ws2, Sup. Mat. 1). After a formal
scrutiny, if the patent application is not refused or with-
drawn, it will be published after an immutable 18 month
period (Fig. 1). Based on the prior art, the examiners in the
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patent offices carry out a substantive examination or scrutiny
in order to decide whether they grant the patent (it can be
withdrawn or refused depending on whether it fulfills the
patentability conditions). If the applicant wants to get pro-
tection in other States, an appropriate international appli-
cation must be submitted within 12 months from the date of
the first application (priority date), designating the Patent
Cooperation Treaty (PCT) contracting states. In other
words, the applicant then holds a collection of national
patents in the designated States (nowadays, an ‘‘interna-
tional’’ patent no longer really exist). At this point, it is
important to remember that patent laws are specific to each
State, and there are divergences between national offices.
For example, the US system holds that the priority for an
invention is allocated to ‘‘the first person who invents’’,
whereas most other countries consider as decisive ‘‘the first
who applies to patent’’. In all cases, after paying the fees for
submitting, examining and granting the patent, applicants
also have to pay fees each year to keep their patents in force
in each state where a patent has been granted. If applicants
decide not to keep their patents in force, they will then fall
into the public domain in some or all the states where they
had been protected by patent.
PCT applications are useful and advisable, given the
importance of patents in Biotechnology. As highlighted by
the WIPO Consultant Esteban Burrone (ws3, Sup. Mat. 1),
patents are at the core of the biotech business. He also
pointed out that the growth in the number of patents in
biotechnology is largely due to the added value that they
confer on biotech companies. Indeed, patents are directly
linked to the main challenge facing the biotech industry,
that of obtaining the necessary finance. Biotechnology is
characterized by a high level of innovation (involving
technological progress in various domains, including
genetics) and the complexity of biological systems (e.g.
interactions between genes) that generate very high costs
for R&D. Moreover, the industrial means available are still
under-developed, due to the fragility of the emerging
markets for their products. This is why, although transpo-
sons are being investigated as candidate vectors for future
gene delivery purposes, patents are key elements in a
market forecast to reach $5.73 billion by 2011 (ws4, Sup.
Mat. 1). Also, no fully-designed product is yet available
that has been validated by national or international regu-
latory agencies. Esteban Burrone also advances several
other pertinent arguments (ws3, Sup. Mat. 1). Patents are
the main assets of biotech companies, due to the facts that
start-up companies are created on the basis of the patents
developed, and because fundamental and applied research
overlap. Protecting research findings is vital if the company
wants to survive, and successful fundraising depends
mainly on the ability to convince investors that there is a
real IP strategy, and that the risks of infringement are
negligible.
Why play the ‘‘patent game’’?
As the WIPO summarizes, ‘‘Patent information represents
a vast resource of technological and legal information
presented in a standardized format, and frequently not
available anywhere else’’ (WIPO 2008). Knowing what
information is contained in patents can enable users to
avoid patent infringement, to exploit a technology from
patents that have not been kept in force or never granted in
some countries, and also to locate the likely future strategic
orientations of R&D competitors. Furthermore, the Euro-
pean Patent Office (EPO) observes that ‘‘up to 80% of
current technical knowledge can be found in patent docu-
ments’’ (EU Commission and EPO 2007). To sum up, the
study of the state of the art for an R&D project must not
only focus on scientific articles, but also needs to take
patent documents into account to be pertinent. The
increasing importance of patent documents for the devel-
opment of research programs is confirmed by the fact that
specific patent-related journals appeared a few years ago in
a format intended for scientists. These journals now include
review articles authored by ‘‘patent experts’’ in various
specialized fields of economic interest, such as Biotech-
nology or DNA & Gene Sequences, as exemplified in the
collection of Recent patents on ‘‘x’’ (ws5, Sup. Mat. 1). In
these journals, articles may also combine original scientific
data with information drawn from recent important patents,
including patent numbers and patent applicants, as exem-
plified in the article ‘‘Gene targeting for chromosome
engineering applications in eukaryotic cells’’ (Lyznik and
Dress 2008). Some journals, like Nature in Biotechnology
and Stem Cells have adopted an editorial policy of keeping
Fig. 1 A patent application becomes public after 18 months from the
date of submission. If the patent is granted by the patent office, the
applicant has to pay fees in order to keep the protection in force. At
any moment, the patent can be withdrawn, and then the invention falls
into the public domain, and becomes available for free commercial
exploitation
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some space for letters and articles that discuss patent
landscapes, including critical and relevant analyses of the
commercial R&D and academic research, open-science
alternatives, and the strategy of the technology’s owners
(Vrtovec and Vrtovec 2007; Bergman and Graff 2007;
Denker 2008; Vrtovec and Scott 2008; Chandrasekharan
et al. 2009). In a few cases, most of the articles in purely
scientific reviews have in fact included a section about IP
(Palazzoli et al. 2008).
Patent contents and portfolios are of interest at two main
levels (Fig. 2). On the one hand, patents give their owners
(the applicants) a right to forbid and exclude third parties
from economic exploitation of their inventions for a
determined period and within a specific area. This allows
the applicants to mobilize R&D investments that can then
be amortized by exploiting the invention directly or indi-
rectly, by awarding exclusive or non-exclusive licenses. In
theory, this does not prohibit the use of the patented
technology for non-commercial fundamental research
purposes, as long as the regulations in each country make it
possible to demonstrate unambiguously whether this
research overlaps with economical and/or commercial
activities. On the other hand, patents are also of public
interest, since they involve the release of published docu-
ments that can be considered to provide easily accessible
information belonging to the shared technological heritage
(thus providing easily accessible technological informa-
tion) (ws6, Sup. Mat. 1). Patents therefore provide an
opportunity to construct an IP and a technological devel-
opment strategy.
The interest of using patent documents is, therefore, to
exploit data extracted from patent databases. Consequently,
a pool of patent documents resulting from a search for a
specific research topic in patent databases produces not
only the patents that protect the technology involved,
including competitor models (e.g. SB, piggyBac, Tol2…),
but also the technologies that can be used to exploit them.
These searches, the results of which are known as patent
landscapes, are performed using dedicated computing
tools, and can be exploited at two levels (ws7, Sup. Mat. 1).
The first level is only interested in the bibliographical data
of patent documents, such as their publication number and
date, priority data, applicants and inventors. A global pat-
ent landscape of this type is a competitive intelligence tool,
used to optimize strategic choices and manage an IP
portfolio, and it constitutes an asset for those who ‘‘play the
international patent game’’ (Barrett 2003). Indeed, it can be
used to identify the major players (applicants and inven-
tors), to deduce the relationships between them, to follow
the progress of patent applications, and to define trends in
technological development. The second level is concerned
with the claims and the description of invention itself. The
meticulous dissection of claims can provide a way to find
an original and pertinent way to get round the monopoly
granted for an invention (by exploiting something that is
not explicit or excluded in the claims). This makes it
possible to develop potential new niches for a patented
technology without infringing the patent. A development
niche can be define as an opportunity that is not patented/
protected, because of at least one of the following reasons:
(1) some aspect was never disclosed and is therefore
potentially still patentable (depending on the patent-
ability conditions),
(2) the patent has been published, but never granted
(because of the patentability conditions),
(3) the applicant decided to withdraw the patent applica-
tion before it was granted,
(4) the invention was patented, but the patent has been
abandoned (as the result of a strategic choice of the
applicant), and the invention is therefore in the public
domain, and can be exploited in all States where
patents are not kept in force,
(5) a third party has successfully opposed a granted
patent, and had it revoked, because the patent does
not fulfill to the patentability conditions, i.e. it
contains an element that destroys the novelty condi-
tion. This last alternative is however the one least
often used, because legal cases of this type are time-
consuming and very expensive.
In this article, we provide an overview of PCT appli-
cations with at least one claim involving the use of trans-
poson tools. We have tried to define the most important
Exclusive right granted for
an invention
Publication of the patent
application








Fig. 2 In compensation for the patent that grants a monopoly of the
invention (and hence of its valorization), the protected invention is
published with a full description, which is fully available to the
public. The publications of patent applications make it possible to
compile a patent landscape of a given technology. Valorization and
patent watch should be taken into account when thinking through the
strategy of technological developments
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applicants and inventors, and identify their various appli-
cations. Overall, our objective was to clarify what is cur-
rently not protected by patents, and to identify potential
economic niches, that are available for the development of
innovative and IP-free plans involving transposon tools.
We took advantage of recent Internet facilities that now
make it easier to access patent information, mainly because
of the availability of free databases such as esp@cenet or
PatentScope.
Data sources and methods
The searches for patents involving transposon tools were
mainly carried out using the PatentScope facilities (sear-
ches for full text in more than 1.5 million international
patent applications), and its database release of August
2008 (ws8, Sup. Mat. 1). It provides access to published
PCT international applications, and to the latest biblio-
graphic data and documents contained in the files of PCT
international applications. All patent documents were
downloaded and processed using Microsoft Office soft-
ware. The terms ‘‘transposon(s)’’ or ‘‘transposase(s)’’ were
used as the main keywords to mine claims. Limiting our-
selves to data available on August 14, 2008, five hundred
patent documents were obtained. After a preliminary study
(Sup. Mat. 2), we retained for the patent landscape 176
PCT patent applications (between 1986 and 2006) used to
determine the worldwide landscape of the IP and techno-
logical developments of transposons. All the patent num-
bers cited in the text are included in Supplemental
materials 2.
Moreover, a bibliographic study was carried out to
overview the scientific trends in the field of transposon
tools, using GoPubMedÒ facilities (ws9, Sup. Mat. 1),
which makes it possible to visualize the statistics for a
search (e.g. authors, journals, years, countries). Because the
first query gave too many results (transposon* OR trans-
posase* with more than 11,660 results), more targeted
searches were carried out on specific transposon families:
(1) Tc1, SB and Minos (391 results), (2) piggyBac (91
results), (3) Mos1, Himar and mariner (345 results), (4)
hobo and tol2 (132 results), (5) P elements (304 results)
and (6) Tn5 and Tn10 (1650 results).
Patent landscape for transposon tools
Evolution of patent applications
The patent study was limited to the period 1986–2007.
However, as patent applications are published 18 months
after the application date, we did not in fact consider the
year 2007 (only one result). Figure 3 shows the progress of
the 176 patent applications per priority year (Sup. Mat. 2).
The PCT applications submitted during the pioneering per-
iod (1986–1996) cover the use of transposons for insertional
mutagenesis, immunization, gene identification, sequenc-
ing, usually for purposes that concern prokaryotic and plant
cells. The first two international applications to claim a
transposon as vector for integrating DNA into eukaryotic
cells were WO/1995/001095–Transformed eukaryotic cells
and transposon-based transformation vectors, and WO/
1997/029202–Vectors and methods for providing cells with
additional nucleic acid material integrated in the genome of
said cells. A first peak of 11 patent publications occurred
during the pivotal year 1997, which marks the beginning of
the intermediate period (1997–2003), with an irregular
increase in the number of submissions, with a peak of 22
PCT applications per year in 2000. It corresponds to
important international applications that principally concern
transposon-based gene delivery systems using integrative
vectors made from derivatives of Tcl/mariner elements
(WO/1999/007871–Vectors andmethods for providing cells
with additional nucleic acid material integrated in the gen-
ome of said cells; WO/1999/009817–Use of mariner trans-
poson in the production of transgenic animals; WO/1998/
040510–DNA-based transposon system for the introduction
of nucleic acid into DNA of a cell and WO/1999/025817–
Tc1-based transposon vectors), and Tn7 (WO/1999/005295–
Composition and method for targeted integration into cells).
From 1999, the number of PCT applications increased
markedly, then from 2003 fell back to the level reached
in 1997. We can assume that this increase was due to
the content of the applications published in 1997 that
revealed that transposons can be used not only in insertional
mutagenesis, sequencing, gene identification, but are also































































Fig. 3 Time coverage of the number of PCT applications per priority
year. This diagram shows the number of PCT publications for each
priority year, for the period 1986–2006, which claim at least one
transposon and/or one transposase in the invention. The number of
international applications increased sharply from 1999
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exogenous DNA into host chromosomes. Patents claim
inventions that are based on transposons themselves, but
also exploit the knowledge accumulated in recent years,
especially in gene transfer (2004–2006). This explains why
only 36 PCT applications were published during the period
1986–1996 (11 years), whereas 140 became publicly
available between 1997 and 2006 (10 years).
Applicants
During the period 1986–2006, 176 PCT applications were
published by 131 different applicants, 90% of whom
(Fig. 4a) were based either in the US (57%), or Europe
(33%). A few of these 131 applicants were particularly
active, and are the major players in transposon-based
technologies (Fig. 4b). Four applicants are involved in 6
PCT applications (Max-Delbru¨ck-Centrum fu¨r Molekulare
Medizin, Pioneer Hi-Bred International, Minos Biosys-
tems, University of Minnesota), 2 applicants in 5 PCT
patent applications (Louisiana State University and Agri-
cultural and Mechanical College, Wisconsin Alumni
Research Foundation), 4 applicants in 4 PCT applications
(Centre National de la Recherche Scientifique, and its co-
applicant, University F. Rabelais de Tours, Johns Hopkins
University, Transgenrx). Finally, 10, 12 and 99 applicants
submitted 3, 2 and 1 PCT applications respectively. With
regards to the co-authoring of PCT applications, 151
(85.8%) of the 176 PCT applications had only one appli-
cant, and 25 (14.2%), two applicants. The co-applicants
were based in different countries in only 16.7% of co-
authored applications (DK-US, NO-GB, DE-NL, GB-NL,
US-FR), the remaining 83.3% corresponding to patents
with co-authors from the same country (US-US: 50%; FR-
FR: 25%; NL-NL and AU–AU: 8.3%). Interestingly,
whereas only 3 of the 36 (8.3%) PCT applications sub-
mitted between 1986 and 1996 were published by co-
applicants, co-authoring expanded from 1997 to 2006,
accounting for 21 out of 140 (15%) PCT applications.
Evolution in the number of applicants
During the studied period, comparison of the number of
applicants quoted in the PCT applications (Fig. 5a, dark
gray curve), and the number of new applicants (Fig. 5a,
light gray curve) appearing each year in new published
PCT applications revealed that the field of the transposon
tools has become of increasing interest. Indeed, the average
number of new applicants increased regularly until 2004.
These new applicants give some idea of the number of
players in the potential transposon tool market. We observe
that between 1986 and 1996, most applicants were new
applicants. After 1997, new applicants still appeared, and
indeed doubled in number. However, it is noteworthy that
the first applicants during the period 1986–1997 were still
active from 1997 to 2006, both in protecting their trans-
poson-based inventions and growing their international
patent portfolio.
Comparing the shift in the absolute number of applicants
(Fig. 5b, dark gray curve) and those from each nationality
revealed that most of those concerned by the development
of the transposon technologies for the period 1986–2001
were from the US (Fig. 5b, light gray curve). These data
suggest that US applicants were less active from 2001, as
they published the same number of PCT applications as
other countries. A meticulous analysis of the documents
published since 2001 revealed that the non-US applicants
used transposon-based inventions patented before 2001 and
developed by US bodies, to develop new products, medi-
cines and tools. As a result, they actually contributed to
reinforce and even to improving the transposon technology
patented before 2001. If they went to use their inventions
















US GB FR DE AU NL OTHERS
b
Fig. 4 a Nationality of the applicants. Applicants are mainly US or
European. b The top 10 applicants. This diagram shows the number of
PCT submissions submitted by the top 10 applicants, for the period
1986–2006, and claiming at least one transposon and/or one
transposase in the invention
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to license the key patents, including the US key patents
(covering the reference systems involving Sleeping Beauty,
P element, Tn10…). From 2004, the drop in the number of
applicants may be attributable to the fact that the entry
barriers to the transposon tools sector are too high for new
participants.
Potential fields of application for transposon tools
In our investigation of the technological fields of patents,
we used the International Patent Classification (IPC) as
recommended (World Intellectual Property Organization
2009). IPC is a tool primarily intended to provide ‘‘an
effective search tool for the retrieval of patent documents’’.
It therefore offers a way to piece together the state-of-the-
art in technological fields, as well as subsequently pro-
viding ‘‘a basis for the preparation of industrial property
statistics which in turn permit the assessment of techno-
logical development in various areas’’. The IPC is a hier-
archical classification system, divided into Sections (the
highest level), Classes, Sub-classes, Groups and Sub-
groups (the lowest level). In this classification system, one
patent can have several classifications (the complete defi-
nition of IPC codes is given on the WIPO site; ws10, Sup.
Mat. 1), and this is true for most of them. The main IPC
sub-classes relevant to the potential uses of transposon
tools are outlined in the Fig. 6. According to the IPC and
technology concordance table, the potential uses for
transposon tools are in the area of biotechnology, and
mainly in three IPC sub-classes: CO7 K, concerning
peptides (26.1% of the patents), C12 N, concerning micro-
organisms, enzyme composition, mutation or genetic
engineering (82.4%), and C12Q, which involves measuring
or testing processes involving enzymes or micro-organisms
(12.5%). A minority of inventions concern the pharma-
ceutical field (A61 K, 11.9%), and animal husbandry
(A01 K, 7.4%). The other IPC codes (A01H, A01 N, C02F,
C07H, C12P, G01 N-033, G06F, accounting for 13.1% of
the PCT applications; not detailed here) included fewer
than 6 international patent applications.
The over time analysis of the number of PCT applications
in each class (Fig. 7) revealed that A01 K, A61 K, C07 K,
C12Q and other sub-classes displayed similar irregular
changes between 1986–2006. In contrast, the progression of
the C12 N sub-class can be correlated to that of PCT
applications per priority year (Fig. 3). Since the C12 N sub-
class comprised most of the 176 PCT applications (82.4%),
with its main group, C12N15, representing 77.3% of them,
we further focus our analysis on this sub-class. The IPC
defines the C12N15 group as ‘‘Mutation or genetic engi-
neering; DNA or RNA genetic engineering of vectors, or
their isolation, preparation or purification; use of hosts
therefore (mutants or genetically engineered micro-organ-
isms; new plants; plant reproduction by tissue culture tech-
niques; new animals; use of medicinal preparations
containing genetic material which is inserted into cells of the
living body to treat genetic diseases, gene therapy; peptides
























Fig. 6 Percentage share of the International Patent Classification.
More than 80% of the results are international applications related to
























































































































Fig. 5 a Change in the arrival of new PCT applicants during the
period 1986–2006. The light gray area represents the applicants who
had submitted a PCT application for the first time, defined as new
applicants. b Time coverage of the change in the total number of
applicants, and in US applicants. We can see that US applicants (light
gray) remained the majority until 2001
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that transposon tools are, from an IP standpoint, viewed as
biotechnology tools mainly used for mutagenesis and
genetic purposes.
Application targets of transposon-based inventions
In this section, we consider only PCT patent applications
that refer to at least one transposon or transposase in the
first claim (109 out of 176 PCT publications). A search for
the applications of each invention allowed us to construct
the tree of their uses (Fig. 8). Applications include
molecular biology tools (e.g. gene tagging, insertional
mutagenesis, gene identification, sequencing), and engi-
neering (some patents involve targeting and insulation).
The most frequent use is gene delivery for the production
of transgenic invertebrates or vertebrates, and similar
applications specifically for plants and bacteria, even
though these latter are less often in the limelight.
Fig. 8 The tree of application domains for transposon tools. Applications of transposon-based inventions include specific patents related to






































































A01K A61K C07K C12N C12Q Others
Fig. 7 Change in the number of submissions per priority year for the
main sub-classes of the 176 PCT patents. We can see that there was
an increase in the number of submissions from 1997, in the major sub-
class C12 N, and in other minor and diversified sub-classes
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Patent landscape for specific transposon families
Among the existing transposons, we focused more particu-
larly on certain members of the following families: Tn5,
Tn10, Tc1, Sleeping Beauty, Minos, piggyBac, mariner,
Mos1, Himar, Hobo, P element. Table 1 summarizes the
legal status of the members of the patent families of the key
PCT applications. They are relative to the proof of concept
in use and in engineering, that belong to the C12N15 IPCs,
that claim specifically or preferentially a particular trans-
poson (Sup. Mat. 3). There are four different statutes: on the
one hand (1) granted patents, and on the other hand the
applications which are not issued: (2) publications that have
been published (3), those currently undergoing examination,
and (4) those deemed to have been withdrawn.
These findings confirm those of a previous study of
the families of published patents concerning transposases
and transposons (Palazzoli et al. 2008). The only PCT
applications that were not found by our patent search were
about Tol2 (WO/2003/068960 and WO/2001/040477); this
was because the claims are in Japanese, and there is no
English translation in the databases. Patents were granted in
several states and involve Tn5 (WO/2000/017343 and WO/
1998/010077), Tn10 (WO/2004/067707 and WO/2004/
003157), SB (WO/2001/081565, WO/1998/040510), Tol2
(WO/2003/068960 and WO/2001/040477), Minos (WO/
2003/056912, WO/2001/071019 and WO/2001/0444483),
Hsmar (WO/2006/108525), and P element (WO/2003/
027241). Other granted patents deal with only one or two
states : for Tn5 (WO/2004/093645, WO/2002/046444 and
WO/2001/009363 for the US and AU), SB (WO/2001/
030965 just for the US),Minos (WO/2001/044483 for states
that are members of the African Intellectual Property
Organization), Mos1 (WO/2007/063033 and WO/2004/
078981 for the FR), Mariner (WO/2004/078962), and P
element (WO/2000/065042), piggyBac (WO/2001/014537),
Table 1 Legal status of patent
families, relative to the proof of
concept in use and in
engineering for specific
transposon families (updated in
October 09)
* Patents resulting from a
previous study
The results show that there are
granted patents, those currently
undergoing examination, and
other publications, including
applications deemed to have
been withdrawn and those that
have been recently published
Transposon
systems
PCT applications with issued
patents in several states




























Mariner WO/2006/108525 / WO/2004/078962
WO/1999/009817
p element WO/2003/027241 / WO/2000/065042




Himar / / WO/2000/055346
WO/1999/050402
Hobo / / /
Tc1 / / WO/2001/029205
WO/1999/007871
WO/1997/029202
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Himar (WO/1999/050402), and Tc1 (WO/1997/029202).
However, some of the PCT applications notified in databases
as being currently under examination, specially EP appli-
cations, and also need to be taken into account as important
documents for Mos1 (WO/2007/132096, WO/2007/063033
and WO/2004/078981), and piggyBac (WO/2006/122442).
The data content also identified the main applicants with
patents involving these prokaryotic or eukaryotic transposon
systems, whatever their origins.
Prokaryotic transposon systems
The Wisconsin Alumni Research Foundation is the main
applicant for the technologies developed from Tn5. Its
portfolio is based on two main patent families including
granted patents (WO/1998/010077 and WO/2000/017343),
and three other PCT applications (WO/2001/009363, WO/
2002/046444 and WO/2004/093645). Tn5 technologies
were mainly developed for in vitro transposon insertion
purposes (ws11 and ws12, Sup. Mat. 1). The Epicentre
website indicates that the company possesses licenses
covering Tn5 for the patents EP0927258 and US5948622
(the same family of WO/1998/010077), and ‘‘other patents
issued or pending, exclusively licensed or assigned to
Epicentre’’ (members of the family of WO/2000/017343,
as US6159736 or EP1115856). This gives Epicentre
exclusive rights to commercialize tool kits involving Tn5.
Two other co-authoring applicants in the top 10
(Fig. 4b) are the Transgenrx Company and the Louisiana
State University and Agricultural and Mechanical College.
Transgenrx can be expected to obtain licenses for the
commercial exploitation of patents of the families of WO/
2004/067707 and WO/2004/003157. They concern the
preferential use of Tn10 for gene delivery purposes in
vertebrates (ws13, Sup. Mat. 1). These co-applicants have
also tried to reinforce their position with two other patents
concerning the therapeutic use of transposons (WO/2004/
067743 and WO/2005/062881, not in the Table 1). The
business model of Transgenrx is the production of protein-
based drugs, with a market estimated to have reached $70
billion by 2008 (ws14, Sup. Mat. 1).
An important applicant that is not currently included in
the Top 10 is Finnzymes, which designs kits for the pur-
poses of DNA sequencing and functional analysis of pro-
teins, using the Mu transposon (ws15, Sup. Mat. 1).
Eukaryotic transposon systems
The main system for SB is WO/1998/040510, but the
University of Minnesota has also tried to strengthen its
portfolio with a series of international applications (WO/
1999/025817, WO/2000/068399, and WO/2003/089618). It
can be reasonably supposed that members of the PCT
application WO/1998/040510, which belong to the Uni-
versity of Minnesota, have actually been licensed by Dis-
covery Genomics, not only because of the company
founders are also the inventors, but also because patents
US6489458 and WO/1998/040510 are in the same family
(ws16, Sup. Mat. 1). In addition to the University of Min-
nesota’s patents, Discovery Genomics has tried to reinforce
its position with regard to SB by including non-transposon
technologies, such as insulation in gene therapy contexts (the
PCT application WO/2004/065581). Discovery Genomics is
therefore an University of Minnesota spin-off company, that
exploits the SB-based technology developed in the public
research laboratory for purposes ranging from fundamental
research to clinical trials (ws17, Sup. Mat. 1).
The status of the inventions developed from the Tol2
transposon remains to be elucidated. Indeed, we found no
license or company exploiting granted patents that are
members of the two families of WO/2003/068960 and WO/
2001/040477. This might be considered as surprising since
Tol2 is the most efficient transposon system in terms of
cargo capacities (Balciunas et al. 2006). Interestingly, the
capacities of Tol2 vectors are being investigated by the
research unit of S McIvor, P Hackett, N Somia and D
Largaespada at the Center for Genome Engineering at the
University of Minnesota (formerly known as the Beckman
Center for Transposon Research; ws18, Sup. Mat. 1). They
have developed ‘‘methods to more effectively insert ther-
apeutic genes into chromosomes’’, using the SB and Tol2
transposons, including, for example, the development of
the miniTol2 vector (Balciunas et al. 2006).
Concerning Minos, the applicant for the granted patents
members of the two families WO/2003/056912 and WO/
2001/071019 is Minos Biosystems. The company has also
submitted several other PCT patent applications involving
Tc1-mariner transposons: WO/2001/029205, including
molecular biology tools: WO/2003/097826 and WO/2002/
062991, and technologies using transposon: WO/2004/
013171. Minos Biosystems, which is one of the top 10
applicants, is a company that exploits Minos transposon-
based technology for the in-mass production of proteins
and gene discovery (ws19, Sup. Mat. 1).
The PCT applications coveringMos1 (WO/2007/132096,
WO/2007/063033, and WO/2004/078981 (all correspond-
ing EP applications are currently undergoing examination)
belong to two co-applicants, the Centre National de la
Recherche Scientifique and the University F. Rabelais of
Tours. For the moment, these PCT applications have not
been licensed by any company, and in consequence are not
included in any economic project. The lack of activity of this
system in mammal cells (Wu et al. 2006; Germon et al.
2009) means that new fields of application will have to be
identified, for instance in nematodes and protozoons, in
which other transposon systems have little or no activity.
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The Tosk Company exploits the P element transposon
under its granted patents of the two families WO/2003/
027241 and WO/2000/065042, jointly with Leland Stan-
ford Junior University, which has granted licenses to Tosk
for several technological platforms including a DNA vector
(ws20, Sup. Mat. 1). Here too, both applicants share the
same inventor (P. Fogarty). Tosk was founded in 1998, and
is developing its business in the field of gene delivery for
drug discovery purposes (ws21, Sup. Mat. 1).
The case of the piggyBac system
To date, piggyBac, initially named in the scientific literature
IFP2 (Cary et al. 1989), appears to be the only element
among the most efficient transposon systems for gene
delivery not to be protected by issued patents except two US
patents, in spite of five PCT applications (Table 1). How-
ever, this situation may be the result of an oral disclosure of
the IFP2 transposon’s usefulness for carrying active genes in
infected insect cells (communication at the First Interna-
tional Workshop on Transgenesis of Invertebrates of medi-
cal, agricultural and aquacultural importance, in 1995 (Sup.
Mat. 4)). Indeed, this disclosure, occurring several years
before the filing of the first patent application known to us
(WO 2001/014537, and the two other members of the family
US7005296 and US6773914, with a priority in 1999), pre-
vents patentability for general use in gene delivery. Never-
theless, several new PCT applications about piggyBac tools
have been subsequently filed by US applicants such as the
University of Hawaı¨ (WO/2008/027384), the University
Notre Dame (WO/2007/100821), and the University of Utah
research foundation (WO/2008/098181). Due to the weak-
ening of any new patent that results from the disclosure in
1995, which means that the use of piggyBac as a transposon
tool is not a patentable invention, it is reasonable to suppose
that the existence of these patents might just be intended to
raise funds to develop a company, such as Manoa Biosci-
ences. Founded in 2006, Manoa is a spin-off from the Uni-
versity of Hawaii (ws22 and ws23, Sup. Mat. 1), and is
interested in the non-viral horizontal gene insertion for ani-
mal transgenesis and gene therapy purposes. The freedom-
to-operate with piggyBac has, for example, been exploited
by the Oxitec Company, which develops its business models
using genetics (WO/2005/003364) and molecular biology
(RIDL technology; Alphey et al. 2008) to improve signifi-
cantly the cost-effectiveness and safety of the Sterile Insect
Technique, and to extend it to a broader range of insect pests.
One of our primary objectives was to find out whether
there was freedom-to-operate for transposons, in particular
for gene transfer purposes. Our analyses have revealed that
the patents covering the Tc1-like elements (of the following
families WO/2001/029205, WO/1999/007871, WO/1997/
029202) and mariner-like elements (WO/1999/009817) are
all deemed to be withdrawn, which is what we expected in
the light of the knowledge accumulated over a decade which
has shown that these two kinds of transposons are now
considered to be separate elements. No patent data con-
cerning use as gene delivery vectors was found for theHobo
and Himar elements (PCT applications: WO/2000/055346
and WO/1999/050402, with just one US patent, confirmed
by a previous study, Palazzoli et al. 2008). This implies that
their exploitation may be free, either in all countries if the
two patents are deemed to be withdrawn, or otherwise in
countries other than US or CA. In conclusion, the only
transposons that seems to be IP-free for gene delivery pur-
poses are Himar1, piggyBac and, of course any new trans-
poson system that has not been so far disclosed.
Landscape of the scientific literature for transposon
tools
In an attempt to investigate the relationships between the
patent applicants who are developing and exploiting
transposon tool technologies and the scientific community,
we carried out a survey of the scientific literature in this
field. Searches were carried out for (1) Tc1, SB and Minos
(391 results), (2) piggyBac (91 results), (3) Mos1, Himar
and mariner (345 results), (4) hobo and Tol2 (132 results),
(5) P element (304 results) and (6) Tn5 and Tn10 (1650
results). Each bibliographic search yielded the major
authors corresponding to the transposon system: R. Plas-
terk (Tc1), Z. Ivics and P. Hackett (SB), M. Fraser and M.
Handler (piggyBac), D. Hartl and Y. Bigot, (mariner), K.
Kawakami (Tol2), D. Rio (p element), and W. Reznikoff
(Tn5). Interestingly, these authors, who are among the 20
most frequently published, are also the inventors behind the
top 10 applicants: e.g. W. Reznikoff (Wisconsin Alumni
Research Foundation), P. Hackett (University of Minne-
sota), Z. Ivics and Z. Izsva`k (Max-Delbru¨ck-Centrum fu¨r
Molekulare Medizin; Sup. Mat. 5 versus Fig. 4b).
An analysis of the GoPubMed results revealed statistics
about the author collaboration (i.e. co-authoring) networks
involved in the initial searches (from 1 to 6, and even more
collaborations, Fig. 9). For example, the collaboration net-
works for authors who have worked and published together
on Tc1-like elements revealed that the people working on
Impala, Minos and SB are not directly collaborating. Two
small and independent scientific networks can be identified
aroundMinos studies, whereas SB studies take advantage of
a large and very active publishing network that has its epi-
centre among scientists at Minnesota University and Dis-
covery Genomics (Fig. 9a, Authors highlighted by red
ellipses). This network of scientists working on SB seems to
be coordinated from its epicentre, and contributes to add to
knowledge and know-how about this system (Table 1,
WO/2001/030965, with M. Kay and S. Yant as inventors),
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Fig. 9 a Author collaboration
network working on Tc1
elements, Minos, and more
precisely related to the reference
system, Sleeping Beauty.
Authors shown in a colored
circle are the inventors of
Sleeping Beauty, linked to the
owners (red circle, University
of Minnesota and Discovery
Genomics) or not (green circle).
b Author collaboration network
working on the piggyBac
system. Authors shown in a
colored circle are either the
initial inventors of piggyBac
(red circle), or emergent
applicants exploiting the
technology (green circle)
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thus providing the background that is vital for the develop-
ment of an economic developmental plan involving this
technology. Interestingly, Z. Ivics and Z. Izsva´k, who are
historically the two most innovative scientific pioneers in this
technology, appear to have beenmarginalized in this network.
This was an unexpected finding, as these authors are the
inventors in the active patents, WO/1998/040510 from the
University of Minnesota, and WO/2001/081565 that belongs
to the Max-Delbru¨ck-Centrum fu¨r Molekulare Medizin.
Incidentally, rather surprisingly, WO/2001/081565 has been
granted, even though the patentability conditions for the
inventions it describes are not fulfilled since they had already
been included in WO/1998/040510. The existence of WO/
1998/040510 was known when the WO/2001/081565 PCT
examination procedures were launched. This situation raises
questions about the reliability of the PCT examination pro-
cedures, and is a source of potential conflict of interests if SB
technology turns out to be economically viable.
GoPubmed results (Sup. Mat. 6) have revealed that
networks similarly organized around an epicentre corre-
sponding to the owner of the technology also exist for Tol2
and Tn5 technologies, even though the resulting links are
less developed. They have also revealed that networks
involving the piggyBac (Fig. 9b), mariner and P elements
(Sup. Mat. 6) are organized differently, and have no single
epicentre. The inventors of piggyBac system, M. Fraser
and M. Handler collaborated with other authors, including
the emergent inventors (WO/2008/051620 and WO/2008/
027384 published before 2008.08.14 and WO/2008/100424
and WO/2008/137114 published after 2008.08.14, and so
not included in the study) as J. Kaminski, P. Pelczar and S.
Moisyadi who are related to Manoa Biosciences. It is
noteworthy that M. Fraser is member of the Scientific
Advisory Board of the company, founded in 2006 (ws24,
Sup. Mat. 1), and that J. Kaminski, who was linked to the
TranspoVec company (specialized in chimeric transposas-
es, and insertion enzymes, and for which the domain name
of the website has expired or been deleted) is a joint
founder of this company with S Moisyadi.
Concluding remarks
The year 1997 marked a significant turning point in
transposon-based technology. From this date, the number
of PCT applications increased sharply during the 2000s,
mainly for gene delivery purposes. The main authors of
scientific publications about each of the transposon systems
were also the pioneers of the technology based on the ability
to introduce DNA into the host genome. Most of the inter-
national patents involving emergent technologies were
submitted by public bodies. Indeed, the scientists who
developed transposon-based technologies in University
laboratories, at the end of the 1990s, were also those who
wrote the patents concerning the use of transposon as gene
delivery vectors. These patents cover the proof of concept in
use and in engineering for specific transposon families. The
exploitation of these technologies was granted to spin-off
biotech companies, through exclusive licenses, by the uni-
versities where they first emerged. Most of these companies
were established in the 2000s, mostly in the US in the case of
business plans concerning therapeutic purposes (Discovery
Genomics, Manoa Biosciences, Transgenrx, Tosk), and
mainly European for non-therapeutic, transposition-based
applications in mutagenesis (Minos Biosystems, Finnzymes
or even Oxitec). Currently, most of the transposon systems
are protected by patents, including PCT applications for the
most important ones. It is important to remember that
licenses can be granted not only for granted patents, but also
for pending patents (ws12, Sup. Mat. 1). These licenses are
used to sustain a strategic position in a market where several
transposon systems are already present, and for the business
development of competitors. In such a competitive situation,
the IP is crucial in order to develop a strong development
plan, for example including clinical trials of medicines
derived from biotechnology (defined as ‘‘innovative thera-
pies’’). From this standpoint, it can be expected that, when
the race to produce the most efficient transposon system is
over, a new competition will start between the different US
companies involving clinical trials in an environment where
research and development will be increasingly intertwined.
One of the main potential development niches that is
currently being investigated is that of the targeted integra-
tion of transposon vector into the host genome. This is the
approach currently followed by Z. Ivics and J. Kaminski,
both of them are developing, with their respective
colleagues, targeted systems and fusion proteins (PCT
applications WO/2004/070042, WO/2004/069995 and WO/
2004/069994, WO/2004/009792 and WO/2008/137114).
However, they are not the first to work in this field, and this
will very probably limit the interest of patenting in this field
of investigation. PCT application WO/2002/008286 already
proposed to fuse a transposase with a DBD, such as ZFD.
The recent literature however has concluded that this
approach constitutes a monopoly severely restricting access
to the Zinc Finger technology, and for potential commercial
R&D plans (Lyznik and Dress 2008; Chandrasekharan et al.
2009). For the moment, the best solution, an IP-free system,
is probably provided by the PCT patent WO/1994/024300
(Transposition assembly for gene transfer in eukaryotes–
applicant: Transgene SA, inventor: E. Jacobs, not included
in the results), with two granted patents (FR2703996 and
US6346414). This patent claimed a specific way to integrate
vectors into rRNA genes, using tools derived from a non-
LTR retrotransposon. Using an IP-free transposon, such as
piggyBac for instance, such a targeting system might
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provide a way of developing an exploitation plan in this
field, without being blocked by IP rights.
The case of piggyBac is interesting for another reason.
Indeed, it highlights the difficulties involved in carrying out
an anteriority study of the state of the art (by patent
examiners or others). The disclosure of a transposon-based
invention is not included in the various publications (arti-
cles and patent applications), available in databases.
However, if a patent has been granted, the person who
would has this disclosure information, has to formulate an
opposition in order to have the patent revoked.
As we have already mentioned, patent information is
made available to the public in several patent databases.
Many national and regional offices provide a way to carry
out free patent searches. Each database covers specific patent
information (e.g. the USPTO for the US patent applications),
but with variable availability (see the various notices con-
cerning patent searches). Database providers propose patent
searching in databases with a real added value. For example,
a full text search coverage, including description and claims,
is available for the most important patent databases, such as
the Questel QPAT database (ws25, Sup. Mat. 1). Comple-
mentary tools are available for performing quick and
detailed analyses of patent results. These commercial tools
provide maps of priority submissions, the segmentation
profile of a portfolio, the major pioneer applicants, the col-
laborations between inventors and applicants. For legal
matters, it is useful and advisable to consult one of these
commercial patent databases. However, it is important to
bear in mind that no data source covers all the available
patent information, let alone all the available technological
information. Consequently, a thorough knowledge of the
technological field, including, for example, the requisite
technical vocabulary, keywords, major authors, is advisable
for any attempt to carry out judicious searches of patent
documents, articles and congress abstracts.
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Chez les eucaryotes, les protéines possédant des ZFD
sont fréquemment impliquées dans la régulation de
l’expression des gènes. Les motifs ZFD qu’elles contien-
nent sont principalement classés en trois grandes
familles sur la base de leur structure et des résidus impli-
qués dans la chélation d’un ion zinc (encadré). Les ZFD
utilisés pour le ciblage sont de type Cys2-His2. Les
modalités de leur reconnaissance spécifique de l’ADN
ont été élucidées lors d’études cristallographiques des
domaines murin et amphibien, Zif268 et TFIIIA*1 (7,8).
Un module en doigt de zinc (ZF) est ainsi capable de
reconnaître spécifiquement un motif d’ADN de 3 pb.
Dans le trimère Zif268, l’association de trois ZF 
permet d’étendre la spécificité de reconnaissance à un
motif ADN de 9 pb. Par conséquent, l’assemblage de
plusieurs ZF ayant chacun des spécificités différentes
de reconnaissance de l’ADN permet de cibler des
séquences nucléotidiques plus longues. Il est ainsi 
possible de fusionner jusqu’à 6 ZF pour reconnaître
spécifiquement un motif de 18 pb, une taille suffi-
sante pour être unique dans le génome humain.
L’obtention par sélection de ZF capables de recon-
naître chacun des 64 triplets de l’ADN a permis de
développer une ingénierie de fabrication à façon de
ZFD capables de reconnaître n’importe quelle
séquence nucléotidique (9).
Suscitant de nombreux espoirs, cette technologie 
prometteuse a fait l’objet de deux articles sur la situation
de la propriété intellectuelle (PI) aux États-Unis. Celui
de  Christopher Scott (10) introduit la situation de mono-
pole que Sangamo Biosciences a su mettre en place
à travers une stratégie basée sur la PI et le secret, deux
éléments indispensables dans l’intense compétition inter-
nationale scientifique et économique. L’article conclut
en proposant deux solutions complémentaires pour cas-
ser le monopole : réaliser un paysage brevet du domaine*2
U
n des enjeux des technologies développées pour le
transfert de gène est de pouvoir modifier spécifi-
quement l’expression des gènes. Dans le contexte
de la thérapie génique, ce ciblage peut concerner des
gènes impliqués dans le déterminisme de maladies
génétiques acquises (cancers) ou innées. Plusieurs 
technologies proposant de cibler spécifiquement 
l’intégration ou la correction d’un gène d’intérêt repo-
sent sur l’utilisation de domaines de liaison à l’ADN
de type doigt de zinc (zinc finger domain, ZFD) (1).
Elles sont fondées sur l’utilisation de protéines recom-
binantes fabriquées à façon, à partir de ZFD dont
la liaison est spécifique d’un motif d’ADN et 
de domaines activateurs ou répresseurs de transcrip-
tion (2), de transposases (3), d’intégrases (4) et de
recombinases (5). Ces domaines de liaison à l’ADN
ont également été beaucoup utilisés dans des fusions
avec des nucléases (figure ci-contre) (6).
Le ciblage de séquences d’ADN spécifiques par des domaines de liaison de type doigt de zinc est une 
technologie prometteuse et protégée par de nombreux brevets. Deux articles ont illustré l’impact de la 
stratégie de la société Sangamo Biosciences sur la recherche académique aux États-Unis. La situation 
est-elle comparable en Europe ? Pour les instituts travaillant dans ce domaine, quelle est la liberté 
d’exploitation de leurs découvertes ?
Zinc finger monopoly :
quelles sont les règles du jeu ?
Caractéristiques de trois principales familles 
de ZFD naturels
• Les ZFD les plus répandus sont de type Cys2-His2 (noté aussi
C2H2). Leur séquence consensus est de type (Tyr,Phe)-X-Cys-
X2-5-Cys-X3-(Tyr,Phe)-X5-Leu-X2-His-X3-5-His, dans laquelle X
représente n’importe quel acide aminé et les acides aminés
notés en gras chélatent l’ion Zn2+ afin de stabiliser la molécule.
• Certains ZFD, ceux de type Cys2-Cys2 (notés aussi Cys4),
ont la propriété de chélater l’ion Zn2+ en impliquant 4 résidus
cystéine. Leur séquence consensus est : Cys-X2-Cys-X13-
Cys-X2-Cys. Ces domaines sont principalement présents
dans les récepteurs stéroïdes nucléaires ou hormonaux
comme le récepteur des glucocorticoïdes.
• Les ZFD de type Cys6 ont une séquence consensus caractéri-
sée par la présence d’un motif regroupant 6 cystéines Cys-X2-
Cys-X6-Cys-X5-6-Cys-X2-Cys-X6-Cys. Ils sont retrouvés dans
des protéines correspondant à des régulateurs métaboliques
comme le domaine Gal4 de la levure.
*1 Protéines naturelles
très étudiées pour leurs
doigts de zinc
*2 Représentation 
graphique de la liste de
brevets d’une technologie,
permettant de comprendre
les axes de recherche
concurrents et ainsi de
mieux définir ses straté-
gies de recherche
(1) Miller J et al. (1985)
EMBO J 4, 1609-14
(2) Rebar EJ et al. (2002)
Nat Med 8, 1427-32
(3) Ivics Z et al. (2007)
Mol Ther 15, 1137-44
(4) Tan W et al. (2006) 
J Virol 80, 1939-48
(5) Gordley RM 
et al. (2007) J Mol Biol 
367, 802-13
(6) Porteus MH, Carroll D.
(2005) Nat Biotechnol 23,
967-73
(7) Pavletich NP, Pabo CO
(1991) Science 252, 
809-17
(8) Diakun GP et al. (1986)
Nature 324, 698-9
(9) Choo Y, Isalan M
(2000) Curr Opin Struct Biol
10, 411-6
(10) Scott CT (2005) Nat
Biotechnol 23, 915-18
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proposé par l’article de Subhashimi Chandrasekharan et
de ses collaborateurs (11) de l’université de Dubaï et en
exploiter les faiblesses à travers un projet collaboratif open
source*3. Ces deux publications posent la question de l’im-
pact de la stratégie de la société sur la recherche académique
et privée. Mais hors des États-Unis, quelle est la situation ?
Paysage brevet de la technologie 
zinc finger
La recherche de brevets a porté sur la période 1985-
2007, les années 2008 et 2009 n’étant pas prises en
compte car la publication des demandes de brevets s’ef-
fectue 18 mois après leur dépôt. La recherche des
mots-clés « zinc finger » dans les résumés, titres et
revendications indépendantes des brevets de la base de
données QPAT a permis de localiser 557 familles de
brevets*4 impliquant l’utilisation de ZFD.
L’intervalle étudié, 1988-2007, peut être découpé en
plusieurs périodes (figure p. 60). La période pionnière
correspond aux années suivant la découverte des ZFD
(1988-1993, 20 brevets). Jusqu’en 1993, aucune appli-
cation n’est décrite. En 1994, la demande de brevet
EP0682699 – Functional domains in Flavobacterium
Okeanokoites (FokI) restriction endonuclease, dépo-
sée par l’université Johns Hopkins, fut la première à
revendiquer la fusion du domaine catalytique de la
nucléase FokI et de ZFD, marquant ainsi le début de
la technologie d’ingénierie génétique utilisant des
nucléases site-spécifiques. Au cours de la période inter-
médiaire 1994-2001, le nombre de demandes de brevet
a augmenté exponentiellement (275 brevets). Paral-
lèlement, le nombre de déposants s’est accru, les acteurs
principaux du développement de la technologie ZF se
positionnant dès cette époque pour former les prin-
cipaux déposants actuels (figure 3). 
À partir de cette période, les brevets se distinguent en
deux catégories : les brevets fondateurs de l’ingénierie
des ZFD (conception, sélection, optimisation) et ceux
concernant ses applications (régulation de l’expres-
sion et modification de la séquence codante de gènes).
Enfin, au cours de la période 2002-2007, le nombre de
brevets diminue puis stagne (262 brevets), indiquant soit
une maturité de la technologie, soit un désintérêt des
acteurs du fait du verrouillage du secteur. De fait, en
analysant le nombre de dépôts réalisés par des indus-
triels ou par des institutionnels, on observe un désintérêt
marqué de la part des industriels à partir de 2002 qui
est compensé en partie par de plus nombreux dépôts
institutionnels. Le principal industriel continuant ainsi
à déposer sur ce domaine étant Sangamo Biosciences.
Un acteur majeur incontournable : 
Sangamo Biosciences
Sangamo Biosciences se définit comme un leader mon-
dial dans la conception, le développement et l’ingénierie
des protéines de liaison à l’ADN de type doigt de zinc,
pour la régulation et la modification de gènes (12). Créée
en 1995, cette société a initié son activité en exploitant
une licence exclusive sur l’utilisation des ZF nucléases
FokI en recombinaison homologue. Sangamo 
Biosciences a également acheté la société anglaise 
Gendaq évaluée en 2001 à 30 M$. Elle a profité de cette
opération stratégique pour se renforcer avec une équipe
de recherche leader dont les travaux sont à l’origine
Caractéristiques structurales des ZF et ZFD et utilisations en ingénierie génétique
A. Structure d’un ZF C2H2 constitué
de 2 feuillets β antiparallèles (flèches
vertes) et d’une hélice α, avec en son
centre un atome de zinc (gris) chélaté
par 4 résidus conservés, 2 cystéines
(rouge) et 2 histidines (bleu). Les
résidus représentés en orange sont
ceux qui établissent les contacts avec
l’ADN. B. Organisation structurale
d’un trimère de ZF lié spécifiquement
à sa cible d’ADN double brin. 
C-D. Modification des propriétés de
reconnaissance de l’ADN d’une trans-
posase ou d’une intégrase par fusion
d’un ZFD (C) ou remplacement du
domaine de reconnaissance à l’ADN
par un ZFD dans une recombinase (D).
E-G. Fabrication de nucléase par
fusion d’un ZFD avec un domaine
catalytique de nucléase (ici FokI),
sous forme homodomérique (E), hété-









*3 Notion définie par 
l’Office mondial de
la propriété intellectuelle
comme un modèle 
de partage de techno-
logies définissant des 
« champs d’innovation 
comprenant une plate-forme 
technologique que les tiers
peuvent librement utiliser et
adapter et sur la base de 
laquelle des innovations 
peuvent être à leur tour 
partagées »
*4 287 familles de brevets
supplémentaires présen-
tant la particularité de dé-
signer comme inventeurs
Y. Mao et Y. Xie ont été 
exclues car elles portent 
sur des protéines natu-
relles et humaines conte-
nant des ZFD, dans 
un contexte d’exploitation
totalement différent.
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de l’ingénierie des ZFD (1), et acquérir les titres de PI 
fondateurs de la technologie. Cette acquisition a été déter-
minante pour Sangamo Biosciences, éliminant son seul
concurrent direct, renforçant son portefeuille de brevets
et élargissant son rayon d’application à la régulation de
gènes avec des facteurs de transcription artificiels. 
Cette position dominante est également liée au fait que
Sangamo Biosciences a su acquérir les brevets et des
droits d’exploitation exclusifs et mondiaux qui étaient
dispersés entre les autres acteurs majeurs (Scripps
Research Institute, Medical Research Council de
Londres, Massachusetts Institute of Technology, Johns
Hopkins University…). Ils concernent la conception
et l’optimisation des ZFD (librairies de ZF, méthodes
de construction, linkers*5), qui sont à la base de toute
application en découlant, plaçant ainsi la société comme
seul interlocuteur pour leur exploitation (10-11). 
Ce portefeuille de brevets et licences met la société
en position de force pour négocier des contrats à des
conditions avantageuses. Diverses licences ont été accor-
dées pour des applications thérapeutiques (à Merck
pour la découverte et le développement de nouveaux
médicaments en 2000, Pfizer pour la production de
protéines recombinantes et d’anticorps monoclonaux
en 2008) ou dans d’autres domaines (Dow AgroSciences
pour des plantes en 2005, Sigma-Aldrich pour des 
réactifs de recherche en 2009). Cependant, Sangamo
Biosciences reste décisionnaire dans le processus de
sélection des sociétés avec lesquelles collaborer.
L’exemple de la société Phytodyne illustre bien cet état
de fait : Daniel Voytas, spécialiste de l’utilisation des
ZF nucléases pour cibler les gènes chez les plantes, n’a
pu négocier à un prix abordable l’obtention des licences
indispensables à la survie de la société (10,11). Peu après,
la société Dow AgroSciences obtenait un droit d’ex-
ploitation exclusif pour utiliser la technologie ZF en
cellules végétales contre la somme de 50 M$ (2005).
Pour Sangamo Biosciences, cette collaboration était
l’opportunité d’entrer sur un nouveau champ d’ap-
plication : l’ingénierie génétique des végétaux.
Comme exposé par les articles de Chandrasekharan et
Scott, l’autre moyen utilisé par Sangamo Biosciences
pour protéger son savoir-faire d’ingénierie des ZFD
contre de potentiels contrefacteurs, serait de ne divul-
guer que le strict nécessaire au dépôt d’un brevet et de
limiter l’accès aux informations essentielles pour la
réalisation des inventions protégées. De plus, la com-
mercialisation des ZF nucléases par Sigma-Aldrich ne
permettrait pas non plus d’avoir un accès direct à la
plate-forme.
Synthèse de ZFD à façon :
outils et sites internet en accès libre
Pour fabriquer des domaines protéiques composés
de trois ZF, plusieurs approches sont actuellement pos-
sibles. Trois stratégies de sélection in vitro sont décrites
dans la littérature. La première, nommée sélection
parallèle, consiste à sélectionner individuellement cha-
cun des motifs ZF indépendamment les uns des autres,
puis à les fusionner en utilisant un linker peptidique
canonique. Si cette approche est rapide et accessible à
la plupart des laboratoires, son efficacité reste limi-
tée car elle ne prend pas en compte l’effet des
interactions entre ZF adjacents sur la fonctionnalité
du trimère. 
La deuxième méthode, ou sélection séquentielle,
contourne ce problème en sélectionnant chaque ZF dans
le contexte des deux autres. Bien que les trois ZF obte-
nus de cette manière présentent une affinité très élevée
pour le site choisi, cette stratégie est difficile d’accès car
elle nécessite la mise en place de nombreuses banques.
La troisième approche combine les avantages des deux
premières. Elle permet la sélection de chaque ZF en
tenant compte des deux autres tout en limitant le
nombre de banques requises. Cette stratégie bipar-
tite propose d’utiliser deux banques ZF précréées avec,
dans chacune, la moitié des trois motifs ZF partielle-
ment « randomisée » au niveau des acides aminés clés
en contact avec l’ADN. 
Enfin, il existe une quatrième approche dont le détail des
modalités techniques ne serait pas dévoilé par Sangamo
Biosciences, notamment dans les brevets correspon-
dants. On sait seulement de cette approche qu’elle
permet de sélectionner des domaines à quatre doigts
de Zinc reconnaissant ainsi un motif de 12 pb, la sélec-
tion s’effectuant par paire de ZF. Sur la base des
résultats obtenus en sélection parallèle, des plates-
formes in silico ont été développées et plusieurs sites
internet permettent de concevoir des ZFD. Le labora-
toire de Carlos Barbas (Scripps Research Institute) a
ainsi été le premier à développer un site internet, 
zincfinger-tools.org, qui permet aux chercheurs d’iden-
tifier les motifs nucléiques susceptibles d’être ciblés par
un ZFD dans une séquence d’ADN et donc de conce-
voir des ZFD spécifiques de cette région (13). L’accès à
ce site est libre mais son utilisation nécessite l’ouver-




Dans chaque barre de l’histogramme est représenté le nombre de dépôts soumis par
des organismes institutionnels (pourpre), des industriels (beige) et autres (bleu clair).
Les brevets codéposés par des organismes institutionnels et des industriels sont 
indiqués en bleu foncé. La courbe en gris représente la cinétique d’évolution du 
pourcentage de dépôt industriel au cours de cette période. 
Évolution des dépôts de brevets sur la technologie Zinc Finger 
au cours de la période 1988-2007
*5 Chaîne de résidus
d’acides aminés 
reliant deux ZFD
(13) Mandell JG, Barbas CF
(2006) Nucleic Acids Res 34,
W516-23
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Dans la pratique, il s’avère que la position de chaque ZF
au sein du ZFD influence fortement la spécificité de recon-
naissance de la cible. Deux autres sites internet prennent
en compte ces contraintes, ZiFiT (14) et ZiFDB (15). Leurs
calculs s’appuient sur une base de données répertoriant
les données publiées sur les ZFD utilisés et ceux présents
dans les bases. Ces sites sont régulièrement mis à jour et
leur accès est totalement gratuit. Cependant, l’affinité et
la spécificité de liaison des ZFD conçus et optimisés in
silico restent largement à démontrer et, bien que requé-
rant plus de moyens, les approches in vitro sont
actuellement considérées comme les plus efficaces.
Le Zinc Finger Consortium
Devant les limites des approches in silico et les diffi-
cultés pour accéder aux approches in vitro les plus
efficaces développées par Sangamo Biosciences, les
chercheurs Keith Joung (Massachusetts General Hos-
pital et Harvard Medical School de Boston) et Daniel
Voytas (Iowa State University, Ames) ont fondé le Zinc
Finger Consortium*6, qui rassemble une quinzaine
de laboratoires académiques. Le but de cette initiative
est de promouvoir la R&D de la technologie ZF. En
effet, le consortium souhaite rendre cette technolo-
gie accessible, en mettant régulièrement et librement à
la disposition de la communauté scientifique des outils
in vitro et in silico (ZiFiT et ZiFDB) et des protocoles
de sélection de ZFD. 
Dans un article récent, le consortium propose aussi une
méthode d’ingénierie open source rapide et accessible
au public dénommée OPEN (Oligomerized Pool 
Engineering) offrant aux chercheurs la possibilité de
« faire progresser la technologie des ZFD » (16). De
même, les plasmides utilisés par le consortium sont mis
à disposition par Addgene, une organisation à but non
lucratif qui facilite la diffusion de plasmides dans la
communauté scientifique. Les méthodologies, infor-
mations et outils partagés par le consortium sont open
source et donc non confidentiels. Mais, pour toute
autre utilisation que la recherche, tout tiers souhaitant
réaliser, utiliser, distribuer ou vendre la technologie ZF
nécessite le consentement préalable et les licences 
appropriées auprès de Sangamo Biosciences : il n’y a
pas d’open access aux droits de PI et à l’exploitation
de la technologie. C’est pourquoi une page du site
d’Addgene stipule que certaines utilisations de plas-
mides du consortium, portant sur des modules ZFD
de Sangamo Biosciences nécessitent une licence 
d’exploitation (WO0153480, EP1364020, etc) (17). 
L’intérêt ici n’est pas de contourner les brevets de 
Sangamo Biosciences, mais d’avoir un accès à la 
plate-forme et à son savoir-faire. Malgré le fait que
certains modules semblent porter atteinte à divers bre-
vets, Sangamo Biosciences n’a jamais empêché leur
distribution ni fait valoir ses droits pour contrefaçon.
En effet, cette plate-forme est également l’occasion de
partager des innovations au travers de nouvelles appli-
cations (trois membres sont experts en manipulation
génétique de cellules souches). Les diffusions de
connaissances scientifiques (articles, communications




Dans chaque barre sont représentés les brevets étendus en Europe (bleu) et les 
brevets sans extension en Europe (vert)
orales, sites internet) sont aussi un moyen efficace pour
Sangamo Biosciences d’avoir de la publicité gratuite
pour sa technologie de liaison à l’ADN.
Il est intéressant de constater que Sangamo Biosciences
profite de l’exclusivité des exploitations de la techno-
logie ZF sur la base de brevets, tout en limitant les
possibilités à l’homme de l’art de reproduire les résul-
tats divulgués. Paradoxalement, l’existence du ZF
consortium et la distribution de ZFD à des prix abor-
dables permettent ainsi aux chercheurs de valider 
les brevets. En effet, le consortium commercialise des
réactifs basés sur des ZFD au prix de 5 000 $. Ce tarif
est plus accessible pour la plupart des laboratoires aca-
démiques en comparaison des 25 000 $ réclamés par
Sigma-Aldrich pour des réactifs utilisables à des fins
de recherche uniquement. Cependant, en faisant cela,
les membres du consortium seraient contrefacteurs de
plusieurs brevets déposés par la firme qui ne s’est pas
pour autant manifestée. Ce point pourrait évoluer 
prochainement si cette commercialisation devenait ren-
table et/ou si Sigma-Aldrich considérait que Sangamo
Biosciences ne lui assure pas la libre jouissance de
ses brevets. Il sera intéressant de suivre l’issue juridique
d’une action en justice si la firme Sangamo Biosciences
faisait valoir ses droits de PI.
Implication pour les acteurs 
américains et européens
On assiste ainsi à un système où les chercheurs du sec-
teur public utilisent des technologies protégées par des
brevets et sont donc potentiellement contrefacteurs,
mais où les sociétés détentrices des brevets ou des licences
n’imposent pas le respect de leurs droits. L’article de
Chandrasekharan (11), qui repose sur une étude des
brevets et licences détenus par Sangamo Biosciences
outre-Atlantique, synthétise très bien le dilemme pour
les acteurs américains, notamment publics. En étendant
cette analyse aux extensions mondiales (figure p. 62), on
constate un blocage légèrement moins étendu en Europe
Top 10 des déposants de brevets sur la technologie Zinc Finger
(14) Sander JD et al.
(2007) Nucleic Acids Res
35, W599-605
(15) Fu F et al. (2009) 
Nucleic Acids Res 37, 
D279-83
(16) Maeder ML et al.
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et au Japon, avec notamment plus de la moitié des
dépôts de Sangamo Biosciences non étendus en dehors
des États-Unis.
Les brevets fondateurs, principalement de Sangamo
Biosciences (incluant ceux de la société Gendaq), de
l’université Johns Hopkins et du Scripps Institute ont
toutefois été étendus de manière importante. Si les bre-
vets déposés les plus importants assurent une couverture
large de l’invention (c’est-à-dire Europe, Japon, Canada
et États-Unis), plusieurs institutions, comme le MIT
(US7153949, US7595376, US6410248, US5789538,
brevets d’ingénierie), n’ont pas pris la peine de pro-
téger leurs inventions en dehors du territoire américain,
créant un « trou » dans la protection des inventions
licenciées à Sangamo Biosciences.
Quelles stratégies de contournement ?
Est-il possible d’échapper au monopole de Sangamo
Biosciences sur la technologie ZF ? Plusieurs solutions
ont été envisagées pour réaliser des plans d’exploita-
tion avec l’ingénierie modulaire des ZFD. Plutôt que
d’attendre la chute dans le domaine public des brevets
protégeant la fabrication à façon des ZFD (environ
une dizaine d’années), certains ont essayé de contour-
ner techniquement les brevets. Par exemple, l’équipe
du Japonais Yokio Sugiura a modifié le squelette des
ZFD de Zif268, échappant ainsi partiellement à 
certains brevets spécifiques aux ZFD de type Cys2-His2
(WO9853059, US6866997). En mutant une cystéine
en histidine, ou inversement, il est possible d’obtenir
les types naturels Cys4 et Cys3-His1 et les types artifi-
ciels Cys1-His3 et His4 (18).
Il est également possible d’échapper à certains brevets
qui revendiquent des ZFP comprenant des ZFD asso-
ciés par des linkers d’au plus 10 acides aminés (7 résidus
glycine étant le plus souvent utilisés), mais l’efficacité
de cette solution n’a pas été confirmée. Une autre alter-
native est d’être dans une situation permettant de faire
révoquer partiellement ou en totalité les brevets, grâce
à des éléments destructeurs de la condition de nouveauté,
ou pour défaut d’activité inventive, ce qui fut le cas pour
Sangamo Biosciences (révocation du brevet EP0682699,
réexamen des brevets US6265196 et US5792640). Une
dernière solution consiste en l’analyse par pays dans 
lesquels a été demandée une protection par brevets. Pour
les pays où la protection est absente (pas de dépôt ou
retrait), une exploitation sera possible. Bien entendu,
les pays où le marché est le plus important (principa-
lement les États-Unis) ne rentrent pas dans ce cas de
figure, ce qui rend aléatoire le succès de cette stratégie
pour une application commerciale.
Quelle liberté d’exploitation ?
La volonté affichée du ZF Consortium est de favori-
ser le développement et l’optimisation de la technologie
ZF en s’affranchissant de la position dominante de
Sangamo Biosciences. Paradoxalement, l’initiative tend
à renforcer cette dernière, d’une part en découvrant de
nouvelles applications qui restent dépendantes des bre-
vets fondateurs, et d’autre part en encourageant des
institutions publiques à investir des ressources dans
ces découvertes. Sangamo Biosciences reconnaît dans
ses communications que cette initiative lui est favo-
rable. Par ailleurs, l’un des plus gros avantages de la
technologie ZF provient de l’exploitation de facteurs
de transcription comprenant des ZFD agissant direc-
tement sur les gènes ciblés et ne portant pas atteinte
aux multiples brevets d’autres sociétés protégeant les
ADN complémentaires des gènes correspondants.
Au final, échapper au monopole sur la technologie ZF
semble difficile pour les acteurs américains mais 
également européens et japonais. Il est important pour
eux de négocier en amont avec Sangamo Biosciences
la mise en place d’une liberté d’exploitation sur un
investissement en R&D. Deux solutions peuvent donc
être envisagées. La première concerne l’utilisation de
niches technologiques, qui peuvent être découvertes
en étudiant les bases de données brevets. Il s’agit de
technologies qui existent déjà mais qui ne sont pas ou
plus protégées. Ces inventions appartiennent doré-
navant au domaine public pour plusieurs raisons : elles
ont été divulguées avant la demande ou l’obtention
d’une protection (dans un article, une présentation
orale), ou le brevet a été abandonné par son déposant
(choix stratégique).
Dans des domaines équivalents, la seconde option
concerne la découverte d’une innovation de rupture,
une innovation technologique qui va remplacer une
technologie en position dominante sur un marché,
apportant de nouveaux produits sur des marchés qui
n’existaient pas initialement. Cette dernière solution
tire donc partie du système des brevets qui
stimule le développement économique et délimite un
cadre économique favorable à la concurrence. En effet,
quel serait l’autre but du système des brevets si ce n’était
de dynamiser l’innovation ? ●
La taille du cercle est proportionnelle au nombre de familles étendues dans la 
région concernée.
Densité des extensions des familles de brevets soumis par les déposants




(18) Hori Y et al. (2000)
Nucleic Acids Symp Ser 44,
295-6
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Abstract (305 words) 
Background. Proofs of concept have shown that chromosomal gene clusters encoding 
ribosomal RNA (rRNA) constitute gene delivery integration loci that are optimal for 
transgene expression. However, because homologous recombination is efficient to integrate 
DNA segments into these genes in animals, new molecular tools are required to construct 
systems able to target molecules in the immediate vicinity of the rRNA genes.  
Results. We investigated the properties of several DNA binding domains (DBDs) able to 
recognize specifically a motif within a 100-bp region of the rRNA genes that is 99-100% 
conserved among eukaryotes. Our findings demonstrate that two Myb-like DBDs originating 
from the endonucleases encoded by R2 non-LTR retrotransposons (R2DBD) are promising 
candidates since they i) specifically recognize, with high affinity, a 20-bp binding site located 
within the expected genomic rDNA target, ii) act as monomers, iii) contain a nuclear 
localization signal, iv) remain functional when fused to another domain and, v) do not alter 
the functionality of the protein to which they are fused. However, results obtained in vivo with 
several R2DBD fusions reveal that two properties remain to be engineered before these DBDs 
can be integrated into a molecular targeting system directed into rRNA genes. The first 
concerns the ability of R2DBD to locate within the nucleolus, the organelle in which the 
rRNA genes reside. The second is the tendency of R2DBD to accumulate in certain parts of 
the nuclei, which limits its diffusion within nuclei. Solutions are discussed to circumvent 
these current limitations. 
Conclusions. Our results supply important information concerning the R2DBD properties and 
the targeting of plasmid DNA within nuclei. They will need to be further analyzed from three 
aspects; the unexploited advantages of the R2DBDs, the possibilities and limitations of fusion 
peptides for targeting integrations of non-viral vector, and the alternatives to fusion peptides 






Keywords: polydactyl zinc finger domain / R2 non-LTR retrotransposon / recombination / 
transposition / targeting  
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Background  
The ability to use of DNA binding domains (DBDs) able to interact with a specific 
DNA target in order to develop synthetic proteins capable of modifying gene expression or 
the functioning of DNA recombination machinery, such as those involving endonucleases, 
integrases or transposases (Tpase), constitutes a major challenge in the post genomic era. 
From this perspective, a DBD added to an enzymatic system has to combine several qualities, 
including i) being bound to a DNA target large enough to ensure specific and high-affinity 
recognition, ii) having a controllable ability to assemble (or not) as homo-oligomer or with 
other cellular partners, and iii) having a known and modifiable propensity to locate to certain 
cell compartments when it has to be used in vivo.  
Here, our focus was on the characterization of DBD candidates able to bind in monomer 
form to a 100-bp DNA segment that is 99-100% conserved among eukaryotes (Fig. 1b), and 
located in the tandemly-repeated genes that encode the ribosomal 18S-5.8S-28S RNA (rRNA, 
Fig. 1a). Whether intended for use in bioproduction or gene corrections in unicellular 
eukaryotes [1,2] or in mammalian cells [4-5], these repeated genes have been shown to be 
good target candidates for the insertion of DNA fragments encoding recombinant proteins. 
The fact that only a few rRNA genes are disrupted accounts for the absence of deleterious 
effects in genetically-modified cells. Indeed, genetic investigations have demonstrated that the 
disruption of < 70% of the rRNA genes by integration of DNA segments is not lethal and 
does not impair the viability of invertebrate genomes [6,7]. The expression of the transgene 
also persists for long periods, because integrated DNA fragments are rarely subjected to 
expression silencing [8], and their expression can be carried out by the RNA Polymerase I 
promoter, but also by RNA Polymerase II and III promoters [3,5]. However, their interest has 
been considerably reduced in mammalian cells because the integrative vectors functioning 
with passive homologous recombination (HR) have integration efficiencies ranging from 10-5 
to 10-4 [3,5,8]. A way to enhance HR at this target could be to increase the concentration of 
DNA fragments for insertion within the nucleoli where rRNA genes are located in nuclei. 
Targeting of this sort might be achieved by using, for example, two fused DBDs [9] or a bis-
PNA oligonucleotide [10] cross-linked to a DBD, these molecules being able on the one hand 
to bind or anneal specifically to the DNA fragment to be integrated and, on the other hand, to 
bind to the integration target. Vectors derived from certain transposons could also be suitable. 
The Pokey DNA transposon [11], which is an element distantly related to piggyBac (PB) [12], 
has been shown to integrate frequently into rDNA in its host of origin. However, Pokey 
vectors are unable to transpose in vertebrate cells (personal data). At least three innovative 
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approaches have been developed to target transposon vectors, such as or piggyBac [13] or 
Sleeping Beauty (SB) [14-16]. The first consists of fusing the Tpase to a DBD that specifically 
binds to the DNA integration target. The second and third approaches consist of using two 
fused protein domains in which the first domain specifically binds to the integration target, 
and the second to the transposon vector via a binding site contained in its sequence, or via an 
interaction with the Tpase bound to the end of the transposon (known as an inverted terminal 
repeat (ITR)). 
Overall, whatever the species and strategy used to integrate a DNA fragment into rRNA 
genes, it is noticeable that it always requires a protein domain that can target the enzyme 
and/or the DNA fragment in the proximity of the rRNA genes. To date, we have identified 
only two kinds of DBD able to bind it as a monomer to a motif present within the conserved 
100-bp DNA target, this motif being so large (at least 18-bp) as to be nearly unique in a 
mammalian genome. The first are synthetic DBDs corresponding to polydactyl zinc finger 
domains (pZFDs; reviewed in [17-19]). pZFDs consist of the fusion of n peptides from thirty 
amino acids, each of which specifically recognizes a three base-pair DNA motif. Research 
carried out by Carlos Barbas 3rd and his colleagues has made it possible to develop a single 
ZF able to specifically recognize all GNNs, most CNNs and ANNs, and a few TNN DNA 
triplets. Under these conditions, the fusion of n ZFDs theoretically permits the specific 
recognition of a 3n base-pair nucleotide motif (Fig. 1c and Additional file1). In practice, the 
background knowledge that has been accumulating for more than 10 years now enables 
scientists to design pZFDs in silico using website facilities [20-22], or to manufacture them 
by in-vitro selection [23]. The second category consists of natural DBDs that originate from 
the endonuclease encoded by R2 mobile genetic elements, non-LTR retrotransposons [24]. 
The R2 endonuclease is related to type-IIS restriction enzymes [25]
.
 It specifically allows the 
integration of R2 non-LTR retrotransposons into a 20-bp target motif located within the 
conserved 100-bp DNA segment contained in rRNA genes (Fig. 1b; [26,27]). The minimum 
DBD of this enzyme (R2DBD), without its homo-dimerization activities, has recently been 
characterized [28]. It consists of one ZF associated with a Myb-like sub-domain [29] (Fig. 
1d). 
In this paper, we investigate the potential of three pZFDs and two R2DBDs. We first 
evaluated their specific and non-specific binding site numbers in the genome of models 
currently used for gene therapy and bioproduction purposes. We then compared their binding 
specificities to about 20-bp binding sites contained within the 100-bp DNA target. Under 
these conditions, the best candidates were both R2DBDs. In a second step, we analyzed the 
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activity of fusion peptides made from R2DBD in vitro, and in vivo in HeLa cells, using 
integration vector systems. Finally, we have found that R2DBDs combine several properties 
that ensure accurate nuclear traffic to rRNA genes within the nucleolus. Potential solutions to 
circumvent the current problems encountered are discussed. 
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Results 
Genomic distributions of pZFD (ZBS) and R2DBD (R2BS) binding sites 
Before designing pZFD proteins able to bind specifically within the 100-bp region that 
is 99 to 100% conserved in the gene encoding 28S rRNA from yeasts to human beings 
(Fig. 1), we used an in silico two-step procedure to locate an accurate binding site in this 
DNA segment. The first step consisted of finding out whether the 100-bp region contained a 
candidate nucleotide motif with sequence properties that matched with an accurate ZBS. The 
aim of the second step was to check whether the candidate ZBS occurred only within 100-bp 
region in the gene encoding 28S rRNA, or whether it was also present at other chromosomal 
locations in the genome of models frequently used for the purposes of gene therapy (mouse, 
rat, and human) or bioproduction (baker’s yeast and chickens). 
To target a unique sequence in the human genome, searches were performed to locate 
an appropriate 18-bp site within both strands of the 100-bp DNA segment. This was 
performed taking into account the fact that the pZFD had to contain two modules with three 
ZFs. In consequence, the aim of our search was to locate two 9-bp binding sites that were 
juxtaposed or separated by 1 to 12-bp, using the facilities of the Zinc Finger Tools website. 
Calculations revealed only one solution that included all the features required to design a 
bipartite pZFD within the 100-bp region. It consists of two 9-bp motifs separated by 4 bp 
(Fig. 1b and c). The distribution of this ZBS among the chromosomes of five models was 
determined on the one hand using WAPAM software with the CGGGTAAAC-x(4)-
GGAGTAACT as a model to mine the database and, on the other hand, with BLASTn using 
the NCBI facilities, with a word size = 7, and an expected threshold of 100 as parameters. We 
obtained similar results with both types of software. The number of ZBSs located outside the 
chromosomal loci that contain the rRNA gene clusters in each model is summarized in 
Table 2a. The results revealed that there were a few ZBSs present outside the rDNA loci in 
the mammalian species, and none was detected in the chicken, drosophila or yeast genomes. 
The number of R2BS located outside the rDNA loci was also evaluated using an in 
silico approach similar to that described above (Table 2b). R2 non-LTR retrotransposons are 
able to integrate specifically and only in the “TAAGGTAGCCAAATGCCTCG” motif that is 
usually present in the genes encoding 28S rRNA. However, when identical sites are present in 
a genome, as in Bombyx mori, in which R2BS occurs outside the rDNA loci, R2 non-LTR 
retrotransposons can also locate to and use these other sites for integration [30]. Here, 
although R2BSs were less abundant than ZBS, they were also found outside the rDNA loci. 
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Overall, these non-specific sites represented from 1% to 10% of the binding sites for 
both proteins. Such occurrence levels indicate that R2BS has, on average, only half as many 
binding targets as pZFD in the mammal genome. Since both domains have a population of 
specific and non-specific binding sites with equivalent quality in the different models, and 
previous studies [28,30] have shown that R2DBD was able to bind to R2BS, we limited our 
investments in designing and optimizing pZFD to in silico approaches to evaluate their 
potential so that functional pZFDS could be obtained quickly. With such an approach, the 
results obtained were less satisfactory as the binding efficiency of the three synthetic pZFDs 
was weak, whatever the in silico design strategy used (Additional file1). We therefore focused 
our work on the properties of the two R2DBDs. 
 
Analysis of the R2DBD of the non-LTR retrotransposon endonucleases 
The sequence encoding the DBD of the endonucleases encoded by the R2 non-LTR 
retrotransposons contained in the genome of the fruit fly Drosophila melanogaster [31] and 
the silkworm Bombyx mori [32] were located as described [25]
.
 The codon usage was 
optimized in silico to avoid some restriction sites, and to allow their expression in mammalian 
cells. These DBDs were designated DmR2DBD and BmR2DBD, respectively. Genes were 
cloned to fuse them with an amino-terminal MBP or Histidine tag. The 4 fusion proteins, 
MBP-BmR2DBD, His-BmR2DBD, MBP-DmR2DBD and His-DmR2DBD, were produced in 
bacteria and purified by affinity chromatography. Preliminary EMSA showed that the four 
proteins were similarly able to bind specifically to the R2site probe (Fig. 2a,d and Fig. 3a). 
 
Influence of tagging on the EMSA complexes assembled with MBP-R2DBD 
Since the same results were obtained with BmR2DBD and DmR2DBD, only those 
obtained with BmR2DBD are illustrated in the figures. EMSA analyses revealed that MBP-
BmR2DBD and MBP-DmR2DBD assembled several different complexes with the R2site 
probe under our EMSA conditions (Fig. 2a, lane 2). Protein-DNA complexes were therefore 
assembled under similar conditions, cross-linked with UV, denatured by boiling, and analyzed 
by SDS-PAGE to determine how many proteins were involved in each of these complexes 
(Fig. 2b). The results revealed that there were three cross-linked complexes, with molecular 
weights indicating that they should correspond to one molecule of the R2site probe (MW = 99 
kDa) linked to one protein molecule (MW = 99 + (1 x 59) = 158 kDa), two protein molecules 
(MW = 99 + (2 x 59) = 217 kDa), and three protein molecules (MW = 99 + (3 x 59) = 
276 kDa), respectively. We also observed that the number of complexes increased with the 
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protein concentration, indicating that they resulted from protein oligomers, each being bound 
to a single R2site probe (data not shown). The fact that only one R2site probe was present in 
each complex was confirmed by performing short-long probe experiments, using two probes 
of 150-bp and 240-bp in length, one of which was radio-labeled, as previously described [33] 
(data not shown). 
This made it impossible to determine the apparent Kd of the MBP-R2DBDs. Since 
fusion with the MBP allowed oligomerization to occur, the MBP tag of the MBP-BmR2DBD 
and MBP-DmR2DBD proteins was removed by specific site enzymatic cleavage with factor 
Xa at the hinge peptide between MBP and R2DBD. We first used PAGE to check that this 
enzymatic treatment did not degrade the peptides by proteolysis (Fig. 2c). EMSA analysis 
revealed that the binding activity of the BmR2DBD released was reduced 1000-fold as a 
result of the cleavage treatment (Fig. 2d, lane 2 versus 3 to 6).  
The apparent Kd of the cleaved protein was determined by EMSA. The saturation graph 
was plotted, and used to calculate a fixed concentration of 102 nM for the BmR2DBD 
protein, and of 116 nM for the DmR2DBD protein (data not shown). EMSA assays were then 
performed using the appropriate fixed concentration of the protein with variable 
concentrations of the R2 site probe. Under these assay conditions, the BmR2DBD and 
DmR2DBD were found to be low affinity proteins with an apparent Kd of more than 1 µM. 
Taking into account the data presented below, our results indicated that the release of the 
MBP tag did not seem to change the specific activity of either R2DBD to any great extent, but 
did modify their affinity, probably by destabilizing them or modifying their folding. 
 
Properties of R2DBD 
Under our laboratory conditions, and at all protein concentrations, His-BmR2DBD and 
His-DmR2DBD each assembled only one complex with the R2site probe (Fig. 3a). To find 
out how many proteins were bound to each R2site molecule, UV cross-linking assays were 
carried out with both R2DBDs (Fig. 3b). The molecular weight of the only cross-linked 
complex formed indicated that only one protein was bound to each R2site probe.  
Both purified proteins were also used to determine the apparent Kd. Saturation graphs 
were plotted and used to calculate a fixed concentration of 6.6 nM for the His-BmR2DBD 
protein and of 5 nM for His-DmR2DBD (Fig. 3c and d). EMSA assays were then performed 
using a fixed concentration of protein and variable concentrations of the R2site. The apparent 
Kd of His-BmR2DBD for the R2site probe was estimated to be 30 nM, and that of His-
DmR2DBD to be 18 nM (Fig. 3e and f). These two apparent Kd values were similar, and 
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higher than those obtained using Factor Xa cleaved proteins. Overall, they showed that the tag 
used had a major impact on the binding of both R2DBDs to the R2site probe, and on their 
ability to oligomerize. 
 
Target specificity of the His-BmR2DBD domain produced in eukaryotic cells 
We found that under our operating conditions, the activity of the His-BmDBD produced 
in bacteria was more stable than that of the His-DmR2DBD. It was therefore retained as the 
most promising candidate for investigation in HeLa cells. The size of His-BmR2DBD and its 
ability to bind to the R2site probe were first investigated using HeLa cell extracts in which the 
protein was transiently expressed. Western blot hybridized with an anti-His6 monoclonal 
antibody revealed a single band with a molecular weight (18kDa), confirming His-
BmR2DBD was expressed in HeLa cells (data not shown). EMSA experiments were therefore 
performed under conditions similar to those used with the proteins produced in bacteria. 
Similarly to previous findings with this protein, only one main complex was assembled with 
the His-DmR2DBD and R2site probe, whatever the biological system in which it had been 
produced (Fig. 4a, lane 2 versus 3). HeLa cell extracts were then used to determine the 
apparent Kd of His-BmR2DBD. Saturation graphs were plotted to fix the concentration in 
HeLa cell extract (Fig. 4b), and the apparent Kd was estimated to be 31 nM (Fig. 4c). This 
value was identical to that obtained with the protein produced in bacteria, indicating that 
expression in eukaryotic cells did not alter its activity. 
Since we had previously observed that fusion of both R2DBDs with the MBP tag 
modified their ability to oligomerize, we investigated the properties of a fusion protein model 
that had previously been investigated as a potential way to target a nucleic acid vector close to 
its chromosomal integration target [14]. This consisted of fusing the BmR2DBD at its C-
terminal end with a LexA DBD, and including a SV40 Nuclear Localization Signal (NLS) 
between the DBDs (Fig. 4d). The LexA DBD was an interesting model, because its 
functionality had previously been shown to depend on the properties of the domain to which it 
is fused [34], making it possible to find out whether His-BmR2DBD can modify the 
properties of a fused DBD. The profile of the R2DBD-LexA expressed in HeLa cells was 
verified. Western blot analysis revealed that the fusion was expressed as a single protein of 
about 46 kDa (Fig. 4e; theoretical molecular weight = 45.6 kDa). EMSA analyses done with 
the R2site probe revealed that the BmR2DBD in the fusion protein was active, but that three 
complexes were observed (Fig. 4f, lane 3). Similarly, EMSA indicated that the LexA part was 
also active, and once again, three complexes were also observed (Fig. 4g, lane 3). The 
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presence of three complexes was very probably not due to BmR2DBD oligomerization, but to 
the fact that the LexA DBD can occur as a monomer, a dimer, or a tetramer in solution [34]. 
In contrast to MBP fusions, saturation graphs could be calculated for these proteins, although 
these fusions were able to assemble in several different complexes as a result of LexA DBD 
oligomerization. Similar UV cross-linking investigations and short-long probe EMSA 
indicated that they all contained a single DNA probe to which the fusion was oligomerized 
(data not shown). These controls made it possible to perform affinity analyses, which revealed 
that the values of the apparent Kd of both domains in the fusion proteins were similar to those 
of each isolated domain (about 20 nM; [34]).  
 
Impact of R2DBD fusions on DNA integration in HeLa cells 
The effects of several BmR2DBD fusions were assayed on the ability of SB vectors to 
integrate into chromosomes by transposition and that of a plasmid to integrate by random 
recombination. Integrations by transposition and random recombination occur at different 
rates during an assay monitored with a transposon vector system, depending on the cell 
lineage used and plasmid amounts transfected [35,36]. As a consequence, a NeoR cassette can 
integrate by transposing with the SB vector into chromosomes in presence of Tpase. A 
fraction of the plasmids carrying the SB vector will also integrate into chromosomes as a 
result of random recombination, but in general this happens less often than transposition. In 
the control assays carried out in absence of SB Tpase, only plasmid integrations by random 
recombination occur. 
A first set of assays was monitored with an R2DBD fused to the N-terminal end of the 
SB Tpase (R2DBD-SB10; Additional file2). One objective of these assays was to find out 
whether R2DBD-SB10 was able to mediate integration into rRNA genes. Two SB vectors 
were used (Table 1). The first vector, pT2-pSV40-NeoR, carried a NeoR cassette with 
expression that depended on an RNA polymerase II promoter, pSV40, and the second vector, 
pT2-pPol1h-NeoR, had NeoR cassette expression that depends on the human RNA 
polymerase I promoter, pPol1h [37]. The interest of this second construct is that pPol1h 
contains cryptic RNA polymerase II promoters that allow expression of NeoR cassettes 
integrated into nucleolar rRNA genes or elsewhere in the genome [38]. Our results indicated 
that R2DBD-SB10 was unable to achieve transposition, whatever the SB vector used (Fig. 5a 
and b, white bars versus dark gray bars). These data agreed with those obtained with most of 
the SB Tpases so far fused to a DBD [14-16]. Interestingly, we found that the numbers of 
NeoR clones obtained in assays monitored with R2DBD-SB10 (Fig. 5a and b, dark gray bars) 
Carnus et al. 13 
were systematically lower than those in the controls done in the absence of Tpase (Fig. 5a and 
b, black bars). Statistical analyses indicated that this difference was only significant (p>95%) 
when pT2-pPol1hNeoR was used as the SB vector source. 
In a second set of assays, we checked the impact of several peptides theoretically 
designed to target a DNA plasmid in the proximity of the rRNA genes [9,14]. First, we 
analyzed the effect of R2DBD-NLS-LexA peptide on the integration ability of SB vectors. 
Two plasmid sources of SB vectors were used: pT2-pSV40-NeoR and pT2-pSV40-NeoR-
LexA/BS, in which a LexA binding site was cloned within the SB vector (Table 1). Our 
results indicated that the R2DBD-NLS-LexA expression in HeLa cells inhibited the 
transposition of both SB vectors (Fig. 5c and d, white bars versus light gray bars). Here too, 
we found that the numbers of NeoR clones obtained in the absence of SB10 Tpase, and in the 
presence of R2DBD-NLS-LexA (Fig. 5c and d, dark gray bars), were statistically lower than 
those of the control assays monitored in the absence of both proteins (Fig. 5c and d, black 
gray bars). We conclude that R2DBD-NLS-LexA was able to inhibit the SB vector 
transposition, and the plasmid integration by random recombination. Because a similar effect 
of R2DBD-NLS-LexA was observed with both SB vector sources, we concluded that LexA 
interfered non-specifically with both plasmids independently of the presence of LexA/BS 
(Fig. 5c and d, top bars). Since some studies in the literature [39] have confirmed that LexA 
DBD has lower DNA binding specificity, we assayed a second peptide R2DBD-NLS-
pZFDbcr-abl [40] in which pZFDbcr-abl is composed of a concatemer of four ZFs that recognizes 
a 12-bp motif (GACGCAGAAGCC; ZBS). ZBS is not found in the human genome, except in 
the genomes of most patients with chronic myelogenous leukemia (CML), and in some 
patients with acute lymphoblastic leukemia (ALL) or acute myelogenous leukemia (AML), in 
which the BRC and ABL genes are fused. Two pBS-NeoRs were used for the integration 
assays: pBS-NeoR and one pBS-NeoR derivative in which was cloned a ZBS to produce pBS-
NeoR-ZBS. Whichever plasmid was used, our results indicated that R2DBD-NLS-pZFDbcr-abl 
also lacked binding specificity under our experimental conditions (Additional file3). These 
results were confirmed for both peptides in experiments in which the pSV40-NeoR cassette 
was replaced by a pPol1h-NeoR cassette (data not shown). 
The properties of a third peptide that theoretically works in a different way were 
therefore investigated. This peptide was composed of an R2DBD fused to a domain 
corresponding to the first 57 N-terminal residues of SB10 Tpase (N57SB; Additional file4). 
N57SB has previously been proposed to be a Tpase-interacting domain that is able to interact 
with full-length SB Tpase complex bound to the SB vector ITRs [9,14]. The N57SB10-NLS-
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TetR peptide has also been demonstrated to be able to modify the integration preferences of 
SB vectors in the proximity of a TetR binding site [14]. For the integration assays, two ratios 
of the plasmids pCS2-SB10 and pCS2-R2DBD-NLS-N57SB were used. The results revealed 
that R2DBD-NLS-N57SB inhibited SB vector transposition, the intensity of inhibition 
depended on the amount of R2DBD-NLS-N57SB expressed in the cells (Fig. 5e and f, white 
bars versus light gray bars). Unexpectedly, controls done in the absence of SB10 Tpase 
indicated that R2DBD-NLS-N57SB also inhibited plasmid integration by random 
recombination, at least under conditions in which R2DBD-NLS-N57SB was abundant (Fig. 
5f, black bars versus dark gray bars). Complementary experiments indicated that this effect 
was statistically significant from a plasmid ratio of 1:4 (data not shown). In agreement with 
structural data [41,42], our results therefore support the suggestion that N57SB is above all a 
DBD that binds to the SB vector ends (ITRs) contained in pT2-pSV40-NeoR. 
In conclusion, R2DBD-NLS-LexA, R2DBD-NLS-pZFDbcr-abl and R2DBD-NLS-
N57SB all have the ability to inhibit SB vector transposition and plasmid integration by 
random recombination. Preliminary results obtained with piggyBac vectors, R2DBD-NLS-
LexA and R2DBD-NLS-pZFDbcr-abl led to similar conclusions, indicating that the effect was 
independent of the transposons used (Data not shown; only one replicate of each of the 
transposition assays shown in Fig. 5 was done). In agreement with these conclusions, we also 
found that R2DBD-NLS-LexA, R2DBD-NLS-pZFDbcr-abl and R2DBD-NLS-N57SB have the 
ability to decrease the expression of a gene beard by a co-transfected plasmid (Data not 
shown). These results were obtained using an internal control of our transposition assays (see 
Material and Methods). We checked 24 hours post transfection that plasmids were transfected 
by following the transient luciferase expression of the co-transfected pGL3 plasmid. We 
observed that luciferase activities were all 2 to 5-fold lower in HeLa cells transfected with 
plasmids expressing R2DBD-NLS-LexA or R2DBD-NLS-pZFDbcr-abl, 5 to 20-fold lower in 
those expressing with R2DBD-NLS-N57SB, and similar to the controls in those expressing 
R2DBD-NLS, NLS-LexA or NLS-N57SB. 
Overall, these inhibitory effects did not depend on the domain fused to R2DBD or on 
the promoter of the marker gene since we obtained similar results with all three peptides using 
a pBS-NeoR plasmid. However, their effects did depend on their cellular level of expression, 
which was to be expected since they do not have the same affinities for DNA binding sites. 
None of the domains fused here to R2DBD, i.e. LexA, pZFDbcr-abl and N57SB, has previously 
been found to inhibit transposition and recombination [14-16] when associated with another 
DBD or enzyme. We therefore concluded that the inhibitory effect was allocated by R2DBD 
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to the fusion peptides. Two hypotheses can be proposed to explain our results. The first 
supposes that the expression of R2DBD peptides has a toxic effect on HeLa cells, and so 
killed the transfected cell population. The second proposes that the nuclear trafficking of the 
plasmid to the target was affected, and that this impaired plasmid access to the transposition 
and recombination machineries. 
 
Impact of R2DBD peptides on HeLa cells 
To find out whether R2DBD peptides were toxic for HeLa cells, the effect of R2DBD-
NLS was assayed on the transposition and plasmid integration of SB vectors. The results 
showed that R2DBD-NLS did not have any effect on transposition (Fig. 5g, white bars versus 
light gray bars) or recombination (Fig. 5g, black bars versus dark gray bars). The effects of 
the NLS-LexA and NLS-N57SB were also assayed. Our findings also showed that they had 
no effects (Fig. 5h), even though we did detect a weak effect with NLS-LexA when a plasmid 
containing a LexA/BS was used (Fig. 5h, black bars versus white bars). The toxicities of 
R2DBD and the peptides in which it was fused to LexA and N57SB were then verified using 
a viability assay evaluating cell survival during the 48 hours following the plasmid 
transfection (Additional file5). We found that the viability of the HeLa cells was not altered, 
whatever R2DBD peptide was expressed. We therefore concluded that R2DBD peptides had 
no toxic effect on HeLa cells under our experimental conditions, and that their effects on 
transposition and recombination were attributable to some other cause. 
The localization of R2DBD in nuclei was verified by transfecting HeLa cells with 
plasmids expressing an R2DBD-NLS-GFP fusion or a variant expressing an R2DBD-GFP 
fusion in which the SV40NLS had been removed by mutagenesis (PKKKRK to PKAIRK 
[43]). The expression profiles of both peptides were compared to those of HeLa cells 
transfected with control plasmids expressing GFP, a protein that passively diffuses into all 
cell compartments, or a MOS1-GFP, a protein fusion that is actively concentrated in the 
nucleus (personal data). Our findings indicated that fusions of both GFPs with R2DBD were 
actively accumulated in the nucleus (Fig. 6a). This indicated that the R2DBD sequence 
contained NLS information that was efficient enough to monitor a nuclear import as strong as 
that mediated by SV40 NLS. PSORT II facilities at http://psort.hgc.jp/form2.html allowed us 
to identify two NLS candidates (HKRR and PMMVKRR). The findings also revealed that the 
nuclear distribution of the green fluorescent signal was unexpected, since it was not 
homogenous with either of the GFP fusions, both of which assembled fluorescent “mottling” 
around and between the nucleoli. This feature was in striking contrast with the results 
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obtained in the controls in which the GFP or the MOS1-GFP fluorescences were found to 
diffuse homogenously within the nuclei (Fig. 6a). This was therefore further investigated by 
co-expressing both R2DBD-GFP fusions with a nucleolar marker, human nucleoline [44]. 
The composite image created by merging the GFP and DsRED signals confirmed that 
R2DBD-GFP was indeed assembled as mottling organized around and between nucleoli, and 
that R2DBD-GFP did not co-localize with nucleolin within the nucleoli (Fig. 6b). These 
observations led us to propose that R2DBD was located around and between the nucleoli, and 
probably around other small nucleolar accessory bodies [45]. Such a location could explain 
why the R2DBD-GFP signal formed mottled patterns, and suggests that R2DBD has an 
affinity for a nuclear protein that is abundant in nuclear organelles and molecular networks 
ensuring connections between them. Fibrillarin is a potential candidate [46].  
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Discussion 
The positive and negative results reported here supply important information that needs 
to be analyzed from four aspects concerning the R2DBD properties; the unexploited 
advantages of the R2DBDs, the possibilities and limitations of fusion peptides for targeting 
integrations of non-viral vector, and the alternatives to fusion peptides for targeting vectors. 
 
Properties and current limitations of R2DBDs 
Our objective was to characterize at least one DBD that has the properties required to 
specifically target rRNA genes, whatever the eukaryotic genome in which it could be used. 
The interests of the strategy that consist in targeting insertions of transgenic cassettes into 
rRNA genes in eukaryotic genomes are summarized in Additional file6.  
Here, our data show that R2BDBs have at least five of the properties that are required in 
such a peptide. Firstly, R2DBDs are able to bind specifically to a 20-bp motif located within 
the 100-bp region that is conserved among all eukaryotes. Moreover, the affinity of R2DBDs 
for the 20-bp target is rather high in vitro, their apparent Kds being around 20 nM. Secondly, 
R2DBDs bind to their DNA target in monomer form. This property is very important if 
R2DBDs are used to target other molecules, because it should prevent the assembly of homo-
aggregates. Thirdly, the R2DBD sequences contain strong NLS information, which should 
avoid the addition of an NLS in the synthetic peptide. Fourthly, R2DBDs retain their DNA 
binding properties when there are fused to another protein or domain. Fifthly, the 
functionality of a protein fused to R2DBD is preserved, as illustrated here with LexA, 
pZFDbcr-abl, N57SB and GFP. We found that the functionality of SB10 is in fact altered by its 
N-terminal fusion to R2DBD. However, this is very probably due to the fact that SB10 cannot 
tolerate N-terminal fusion, which is clearly illustrated in the literature with domains of various 
origins [14-16]. 
Our results also show that a few properties of the R2DBDs still need to be optimized 
before they become fully usable. Indeed, we observed that R2DBD-GFP fusions did not 
penetrate into all nuclear compartments, but were concentrated around nuclear organelles, 
nucleoli and other small nucleolar accessory bodies, that are connected to each other by 
proteins such as fibrillarin [45,46]. This property, that is probably due to the absence of a 
nucleolar localization signal (NoLS), means that in their present form R2DBDs are unable to 
reach the rRNA genes in the nucleoli in vivo. There are ways to circumvent both problems 
independently. Firstly, the localization of R2DBD in nucleoli can be determined by adding an 
NoLS at its N- or C-terminal ends, as described in [47]. Secondly, the potential affinity for the 
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surface of nuclear organelles could be eliminated by screening a library of punctually mutated 
R2DBDs, using a single or a two yeast-hybrid system to locate mutants that have lost the 
ability to interfere, for example, with fibrillarin. This second point still needs to be engineered 
after adding an NoLS at one end of R2DBD. Even if it is relatively simple to think up ways of 
doing this, the implementation of such mutant screening will require considerable investment, 
since the properties of several mutants that do not assemble around nuclear organelles, will all 
need to be verified in order to identify one or more optimal DBD candidates. 
 
Unexploited properties of R2DBD  
Previous studies [28,30] have together demonstrated that R2DBD is able to bind 
specifically to a 20-bp rRNA target. The findings reported here indicate that R2DBD has no 
dual DNA binding activities, i.e. one DNA binding activity with high affinity for its 20-bp 
target, and a second activity characterized by the absence of specificity and low binding 
affinity. Indeed, we observed that R2DBD expressed alone in vivo does not inhibit the DNA 
plasmid integrations by transposition and recombination (Fig. 5g), and does not hamper the 
luciferase expression from a plasmid. The absence of dual DNA binding activities is not 
common in either natural or synthetic DBDs. Hence, the three DBDs used here to be fused to 
R2DBD, LexA, pZFDbcr-abl and N57SB, were also found to be able to interact non-specifically 
in vivo with plasmids that do not contain their specific binding target (Fig. 5h and Additional 
file3). For LexA and N57SB DBDs, our observations confirm observations already reported 
in the literature, even though there are few such examples [39,48]. In the case of pZFDbcr-abl, 
this was a priori not expected for a tetra-ZF domain, although dual DNA binding activities 
had already been identified for pZFDs bigger than tri-ZF. The objective of most molecular 
methods so far developed to obtain pZFDs is to produce tailored tri-ZFs. Fused to a nuclease 
or a recombinase catalytic domain, such tri-ZFs are sufficient to bind to a 18-bp binding target 
by dimerizing two ZF-nuclease or ZF-recombinase monomers [49]. Few molecular methods 
have been developed to manufacture hexa- and nona-ZF monomers to bind to 18- and 30-bp 
DNA motifs, respectively [50-53]. If tailored hexa- and nona-ZF monomers have nM affinity 
for their binding target, their organization into several blocks of di- or tri-ZF means that they 
are also able to bind with a lower affinity to smaller motifs similar to submotifs contained in 
their specific 18- and 30-bp DNA target. In a eukaryotic genome, the ability of a hexa-ZF 
monomer to recognize a unique, 18-bp chromosomal motif is therefore going to be a balance 
between its specificity for its target and its ability to bind with lower affinity to hexa- and 
nona-bp motifs that are much more abundant in eukaryotic genomes. These features of the 
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pZFDs greater than tri-ZF explain why we found here that pZFDbcr-abl is able to interact non-
specifically in vivo with plasmids that do not contain its binding site (Additional file3). 
Overall, these observations suggest that R2DBDs may have two very interesting 
properties for certain biotechnological purposes requiring highly specific DNA binding of a 
20-bp target. First, R2DBDs seem to be unable to bind non-specifically to DNA. Second, 
R2DBDs seem unable to bind to DNA sub-motifs contained in the sequence of its 20-bp 
rDNA target. The 3D structure of R2DBDs is probably responsible for their binding as a 
single block to the 20-bp rDNA target.  
To target one specific chromosomal locus requires that only one 18-bp DNA motif in 
eukaryote genomes is recognized. This means that pZFD monomers designed to target DNA 
motifs of at least 12-bp cannot ensure the uniqueness of their binding to their target as reliably 
as R2DBDs do to their 20-bp rDNA target. The core structure of R2DBDs consists of one ZF 
associated with an Myb-like sub-domain [28,29](Fig. 1d). Starting from the R2DBD 
backbone, it might therefore be of interest to develop the molecular engineering of a new type 
of monomeric DBDs that would be tailored to the 20-bp target sequence to which they have to 
bind. The design of molecular methods to select such tailored R2DBD derivatives might be 
facilitated by the fact that the ZF structure in R2DBD (modeled using I-TASSER [54]) is very 
similar to that used to design tailored ZF. Using data from the ZiFit database, it should 
therefore be possible to fit this ZF moiety to the nucleotide triplet to which it binds [21], and 
so “only” have to design a selection procedure on the Myb-like sub-domain. Myb-like sub-
domains are composed of 3 main α-helices in which only the third is involved in DNA 
binding [29]. Obtaining a crystal structure of an R2DBD bound to its 20-bp DNA target 
should help to confirm the viability of this approach. 
 
Alternatives to fusion peptides to target vectors 
Data recovered here about the functioning of the LexA, pZFDbcr-abl and N57SB confirm 
the need to have rigorous control procedures in place before attempting to use a protein 
domain in a synthetic peptide system. Nevertheless, our experience with such peptides 
suggests that these controls will very probably be far from sufficient to control the targeting. 
Indeed, whatever integration process is used (i.e. HR or transposition) and whatever locus is 
targeted (rRNA genes or other loci), the localization of the plasmid in the vicinity of the locus 
into which it must be targeted is going to depend to a large extent on the balance between two 
parameters: the peptide expression rate in the cell and the amount of plasmid able to reach the 
nuclei. A third parameter is that this balance is going to be complicated by the fact that the 
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plasmid transfection efficiency is going to vary over about 4 orders of magnitude in a single 
cell population (this is strongly suggested by data obtained from the FACS analysis of a cell 
population transfected with a plasmid expressing the GFP). To date, although the third 
parameter seems to be difficult to control, the transfection of a pre-assembled complex 
(plasmid-targeting peptide) is a technical solution that should be kept in mind, since it could 
make it possible to circumvent the problems related to the two first parameters. One way to 
assemble such a complex could be to use a bis-PNA oligonucleotide that is able, on the one 
hand, to be specifically annealed to the plasmid [10], and on the other hand, to be bound or 
cross-linked to a DBD. In such a procedure, the bis-PNA oligonucleotide might first be 
annealed to the plasmid by Temperature-assisted cyclic hybridization (TACH [10]). 
Depending on the presence of a biotin or SH group grafted at one end of the bis-PNA 
oligonucleotide, a streptavidin-DBD peptide or a polyNQ-DBD peptide might be then bound 
or chemically cross-linked to the bis-PNA/plasmid complex.  
The efficiency of the TACH method to anneal bis-PNA oligonucleotide onto a plasmid, 
and of the binding of a monovalent streptavidin to a biotin [55], or of the cross-linking with 
the Sulfo-EMCS cross-linker between a SH group and a polyNQ tail mean that this might be a 
viable solution. As previously pointed out, even if it is relatively simple to think up such 
solutions, their implementation will require considerable investment. 
 
Conclusion.  
R2DBDs are promising candidates to target DNA molecules in the immediate vicinity of the 
rRNA genes since they i) specifically recognize, with high affinity, a 20-bp binding site 
located within the expected genomic rDNA target, ii) act as monomers, iii) contain a nuclear 
localization signal, iv) remain functional when fused to another domain and, v) do not alter 
the functionality of the protein to which they are fused. However, R2DBDs have two 
properties remain to be engineered before these DBDs can be integrated into a molecular 
targeting system directed into rRNA genes. The first concerns the ability of R2DBD to locate 
within the nucleolus, the organelle in which the rRNA genes reside. The second is the 
tendency of R2DBD to accumulate in certain parts of the nuclei, which limits its diffusion 
within nuclei. Technological solutions are available to engineer these DBDs. The results 
reported here also supply important information concerning the R2DBD properties and the 
plasmid DNA targeting within nuclei that will need to be further analyzed from three aspects; 
the unexploited advantages of the R2DBDs, the possibilities and limitations of fusion peptides 
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for targeting integrations of non-viral vector, and the alternatives to fusion peptides for 
targeting vectors. 
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Materials and methods  
pZFD design  
An optimal motif was first calculated using the Zinc Finger Tools website 
(http://www.scripps.edu/mb/barbas/zfdesign/zfdesignhome.php; [20]) to target a synthetic 
pZFD within the 100-bp region shown in Fig. 1. This 22-bp motif is located 11-bp upstream 
of the R2 endonuclease binding site. DNA fragments encoding pZFD able to bind to this 22-
bp motif were designed using facilities available at websites proposing three calculation 
methods. The first pZFD, designated ZFDBarbas, was designed using the Zinc Finger Tools 
website. Two other pZFDs, designated ZFDSangamo and ZFDToolgen respectively, were 
designed at the ZiFiT V3.0 website (http://bindr.gdcb.iastate.edu/ZiFiT/; Sander et al. 2007), 
following the recommendations for optimization from the ZiFDB V1.0 website 
(http://bindr.gdcb.iastate.edu:8080/ZiFDB/controller/searchObjects; [22]). 
 
DNA fragment synthesis  
DNA fragments containing the 100-bp segment including the binding sites of the pZFD 
and the R2DBD proteins (Fig. 1b) were synthesized by ATGBiosynthetics (Germany) and 
cloned in pUC57 (Fermentas). The fragments encoding pZFD and the R2DBD proteins 
(Fig. 1d) were designed and synthesized with a codon usage avoiding codons that are rare in 
human cells. The R2DBD originated from sibling endonucleases encoded by the non-LTR R2 
retrotransposon of Bombyx mori and Drosophila melanogaster. They were designated 
BmR2DBD and DmR2DBD respectively. The LexA binding site was constructed using two 
oligonucleotides (LexAfix: 5’- AATTCCATGGATCCGTCGACCTGTATATATATACACT 
CGAGATCTCCATGG -3’ and LexAfix-Rev: 5’-
AATTCCATGGAGATCTCGAGTGTATATATATACAGGTCGACGGATCCATGG -3’) 
that were annealed, and then cloned into the EcoRI pBS-SK- plasmid. The DNA segment 
encoding the LexA-NLS was designed on the basis of data in the literature [14]. 
 
DNA probes  
A 150-bp fragment containing the 100-bp segment with the protein binding sites was 
purified after plasmid digestion with KpnI and SalI, separation on an agarose gel and elution 
with the Wizard SV gel and PCR clean-up system kit (Promega). This probe was designated 
the R2site. A variant fragment of 240-bp was obtained by PCR using M13 universal and 
reverse primers. A 51-bp fragment containing the LexA binding site (LexA-BS) was similarly 
purified using EcoRI plasmid digests. A 70-bp fragment containing the 3’-ITR of Mos1 
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transposon was prepared as described [33]. DNA fragments were radiolabeled by filling using 
the DNA polymerase Klenow fragment (New England Biolabs), 30 µCi of [α-32P] dATP 
(3000 Ci/mmole) and unlabelled dC-G-TNPs. The probes were purified by electrophoresis on 
a 6% native polyacrylamide gel and then eluted in Tris-HCl 10 mM [pH8], 1 mM EDTA, and 
50 mM NaCl buffer. After precipitation using tRNA as a carrier, the probes were resuspended 
in 50 µl of H2O, and the DNA concentration was estimated by Hoechst assay [56] using a 
Mithras LB 940 (Berthold Technologies). 
 
Protein purification of bacterial recombinant protein  
Each of the five fragments encoding a DBD was cloned into the pET14b vector 
(Novagen), in a frame with a Histidine tag (His6) at the amino terminal end. The pET14b 
constructs were transformed in BL21 Escherichia coli bacteria containing a pRARE plasmid 
(Novagen), which encoded rare tRNA E. coli codons. They were also cloned into the pMalc2 
system (New England Biolabs), and fused in frame with the Maltose Binding Protein (MBP) 
at the amino terminal end. The pMalc2 constructs were transformed in JM109 E. coli bacteria 
using the pRARE plasmid (Novagen).  
Bacteria were grown at 37°C and 250 rpm either until the OD reached 0.4 to 0.6 
(proteins tagged with His6) or for 6 hours (proteins tagged with MBP). Expression was then 
induced by supplying 1 mM IPTG for 3 hours at 37°C and 250 rpm. The cells were harvested 
by centrifuging, resuspended in buffer A (50 mM Tris-HCl [pH 8], 500 mM NaCl, 1 mM 
dithiothreitol (DTT)) and ruptured by enzymatic digestion with 1 mg/ml lysozyme, for 
30 minutes at 4°C. Insoluble material was removed by centrifuging (15,000 g for 10 min, at 
4°C) and the supernatant was used as a crude extract containing the expected fusion protein. 
The crude extracts were loaded in buffer A onto a HisLink Protein Purification Resin 
(Promega) for His-tagged proteins and onto amylose resin (New England Biolabs) for MBP-
fused protein. After washing the column with buffer A, the proteins were eluted with buffer A 
supplemented with 250 mM imidazole or 10 mM maltose, respectively. The protein 
concentration in each of the eluted fractions was determined by a Bradford assay using bovine 
serum albumin as the standard, and the purification quality was checked by electrophoresis on 
a sodium dodecyl sulfate - polyacrylamide gel (SDS-PAGE) with Coomassie blue staining. 
Proteins fused with MBP have a cleavage site for factor Xa located between the tag and the 
recombinant protein. Proteolyses with factor Xa of the MBP fusions (New England Biolabs) 
were done according to the instructions of the enzyme supplier.  
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DNA plasmid transfection in HeLa cells  
HeLa cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS). 
About 5 x 104 cells were seeded onto each well of a 24-well plate, one day prior to  
transfection. Cells were transfected with jetPEI™ (Polyplus Transfection) at an N/P rate of 5, 
according to Manufacturer’s instructions. Briefly, plasmid DNA (0.2 to 0.5 µg) and jetPEI™ 
were each diluted in 50 µl of 150 mM NaCl, then mixed gently together and incubated for 
15 min. Cells were then incubated for 2 to 4 h with the complexes dropped into 500 µL of 
Opti-MEM medium (Invitrogen). The transfection solution was then discarded, replaced by 
fresh DMEM supplemented with 10% FBS, and incubated for 24 hours at 37°C.  
 
Protein expression in HeLa cells 
Each R2DBD fragment was cloned into the pCS2+ vector (Addgene). In each well of a 
6-well-plate, 4x105 HeLa cells were plated one day prior to transfection, and were cultured in 
DMEM medium (GIBCO-BRL) supplemented with 10% fetal bovine serum at 37°C and 5% 
CO2. Two µg of pCS2-R2DBD were transfected using JetPEITM according to standard 
protocols (Polyplus transfection). One day post-transfection, the cells were scraped off and 
washed with Phosphate Buffer Saline (PBS) 1X solution. Cells were resuspended in buffer A, 
and disrupted with four 5-minute freeze (-80°C) and thaw (37°C) cycles, and sonicated 
(twice, for 10 sec at 50W). After centrifuging for 10 min at 15,000g and 4°C, the supernatant 
was used as a crude extract known to contain the protein of interest. 
 
Integration assays in HeLa  
The features of the plasmids used in integration assays, transfection, and microscopy 
analysis in HeLa cells are summarized in Table 1. About 5 x 105 HeLa cells were co-
transfected with 500 ng of a 4 DNA plasmid mix. One fifth (100 ng) of the mix corresponded 
to the pGL3 plasmid (Promega) that was used to check that transfection had occurred. The 
remaining 400 ng consisted of a mix composed of one of the 3 different Tpase sources (pCS2, 
pCS2-SB10 or pCS2-SB10-R2DBD), one of the 5 sources of a cassette encoding a resistance 
to G418 (pBS-NeoR, pBS-NeoR-LexA/BS, pBS-NeoR-ZBS, pT2-pSV40-NeoR, pT2-pSV40-
NeoR-LexA/BS, pT2-pPol1h-NeoR), and one of the 8 target peptide variants (pCS2, pCS2-
R2DBD, pCS2-R2DBD-LexA, pCS2-R2DBD-NLS-LexA, pCS2-R2DBD-N57SB10, pCS2-
R2DBD-pZFDbcr-abl, pCS2-NLS-LexA, pCS2-NLS-N57SB10). Two days after transfection, 
1/3 of cells were used to check the effectiveness of transfection by evaluating the luciferase 
activity with the Luciferase Assay System Kit (Promega). The remaining 2/3 of the cells were 
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transferred to 100-mm plates followed by G418 sulfate selection (800 µg/mL, PAA) for 
14 days. Finally, the cells were fixed and stained with 70% EtOH - 0.5% methylene blue for 
3h. Only colonies with a diameter > 0.5 mm were counted. 
 
Microscopic analysis in HeLa cells  
About 5 x 104 HeLa cells were co-transfected with 500 ng of a 2 DNA plasmid mix as 
described above. 50% of the mix corresponded to the plasmid expressing the R2DBD fused to 
the GFP (Table 1); the remaining 50% consisted of a plasmid expressing a nucleolus marker 
fused to the DsRed (pDsRed-C1Hsnucleoline; Becherel et al. 2006). Twenty-four hours post-
transfection, cells were washed three times with PBS 1X, and nuclear DNA was stained with 
2 µg/mL DAPI for 2h. Three more PBS 1X washes were performed before microscopic 
observation. Cells were observed under an epifluorescence microscope (Olympus BX51).  
 
Electrophoretic mobility gel assay (EMSA)  
Binding reactions were carried out in binding buffer (BB) containing 50 mM Tris-HCl 
[pH 8], 200 mM NaCl, 5 mM MgCl2, 1 mM DTT, 11% glycerol, 0.1 mg/ml of bovine serum 
albumin (BSA), and 0.01% Triton X-100. In each 20 µl of reaction mixture, 0.03 pmol of the 
32P-labeled duplexes were mixed with appropriate amounts of purified proteins, and 1 µg of 
sheared DNA from herring sperm. Mixtures were incubated at 37°C for 1 hour. Reaction 
products were then separated using discontinuous 4 to 6 or 9% native polyacrylamide gels 
(depending on the protein size). Electrophoresis was carried out in 0.25X TBE at 200 V, dried 
and autoradiographed.  
 
UV cross-linking of DNA-protein complexes 
Complexes were assembled in 20 µl reaction mixtures containing 0.2 pmol of 
32P-labeled R2 site probe (150-bp), and 5 pmol of protein His-BmR2DBD or 0.6 pmol of 
MBP-BmR2DBD in BB. After incubating for 1 hour at 37°C, samples were exposed to UV 
irradiation (312 nm) for 30 min at 4°C. Reactions were stopped by adding 4 µl of 6X SDS-
PAGE loading buffer. The samples were then boiled for 10 min.  
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Kd determination 
Concentrated proteins or HeLa cell extracts were serially diluted and used in EMSA. 
Bound and unbound R2site probe was quantified by Instant Imager (Packard). The apparent 
Kd for each binding reaction was estimated from the plot of bound/unbound probe versus 
binding protein concentration using PRISM 4 software. Data from 4 or 5 replicates were 
pooled to calculate each apparent Kd. 
 
Analysis of the expressed proteins by immunoblotting 
Cells recovered from the cultures were washed three times with 1X PBS. Total protein 
extracts were separated by electrophoresis, adding 20 µg of each sample to a sodium dodecyl 
sulfate 8% miniPAGE, and then electro-blotted onto nitrocellulose filters (Bio-Rad 
Laboratories). After blocking with 5% skim milk in 1X PBS for 1 h, the filters were incubated 
overnight with rabbit polyclonal anti-6-His (1: 20,000; Bethyl Laboratories Inc.) or anti-LexA 
(1:1,000; Sigma). The filters were then incubated with horseradish peroxidase-conjugated 
anti-rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA) before being developed using 
enhanced chemiluminescence (Amersham Pharmacia Biotech, Sunnyvale, CA). 
 
Nucleotide sequence analyses 
 To make an inventory of the nucleotide motifs in the human genome, we used syntactic 
models to mine the database using WAPAM at the website http://genoweb.univ-
rennes1.fr/Serveur-GPO/outils_acces.php3?id_syndic=185&lang=en. The syntactic models 
used were TAAGGTAGCCAAATGCCTCG to locate 100% conserved of R2 endonuclease 
binding sites, and CGGGTAAAC-x(0,12)-GGAGTAACT, for the different variants of the 
ZBS potentially bound by the pZFD used in this paper, and which has a variable spacer of 0 
to 12 nucleotides between the 9-bp motifs bound by ZFD1 and ZFD2 respectively (Fig. 1c). 
The parameters were set to detect only exact matches (significance score of 100%). We 
confirmed results obtained with WAPAM by mining databases with BLASTn, using the 
NCBI facilities and non-default parameters that were the “Somewhat similar sequences 
(blastn)”, a word size = 7, and an expected threshold of 100. 
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Dm, Drosophila melanogaster 
DMEM, Dulbecco's modified eagle medium 
DNA, deoxyribonucleic acid 
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Figure Legends  
Fig. 1 Features of rRNA genes, integration and cleavage sites, and the DNA binding 
domains targeted within the region encoding the 28S rRNA. (a) General map of the 
human ribosomal DNA repeat unit including the gene region transcribed by RNA 
polymerase I and the intergenic non-transcribed spacer [57]. In the transcribed region, white 
boxes correspond to transcribed spacers. Black boxes locate the region encoding the 18S, 5.8S 
and 28S rRNA. Dotted lines from a to b delineate the 100-bp conserved region. (b) Sequence 
comparison of the 100-bp region in the gene encoding the 28S rRNA that is 99 to 100% 
conserved from yeast to human beings. The TTAA tetranucleotide in which the Pokey DNA 
transposon integrates [11] is typed in italics and bold, and the binding site of the endonuclease 
encoded by the R2 non-LTR retrotransposon [28] is highlighted in gray, with the AG 
dinucleotide in which the endonuclease cleavage occurs highlighted in black and typed in 
white. The bipartite DNA binding site of the three pZFDs described in b and c are boxed and 
in bold, the linker between these sites being shown in lower-case letters. Since this 100-pb 
DNA segment contained the binding site of our pZFD (ZBS) and that of the R2 endonuclease, 
it was used as probe in our EMSA analysis, and designated the R2 site (c) Organization of the 
bipartite pZFD in which both ZFD trimers, ZFD1 and ZFD2, are separated by seven glycine 
residues. Their binding to the bipartite DNA 9-bp binding site is shown below the pZFD 
representation. (d) Amino acid sequences of the two DNA binding domains contained in the 
R2 non-LTR retrotransposons isolated from (1) Drosophila melanogaster and (2) Bombyx 
mori (Accession numbers: M16558 and X51967). The zinc fingers are boxed, and the 
residues involved in the C2H2 bonds highlighted in gray. The conserved motifs within the 
Myb sub-domain are also boxed, and the most highly conserved residues are highlighted in 
black and typed in white [29]. 
 
Fig. 2 EMSA analysis of MBP-BmR2DBD. (a) Shifted complexes assembled with the 
R2site probe in the absence (lane 1) or presence of 10 nM MBP-BmR2DBD (lane 2). FP: 
Free R2site Probe. (b) SDS-PAGE (6%) analysis of UV cross-linked complexes resulting 
from the assembly of the MBP-BmR2DBD and the radiolabeled R2site probe. Lane 1: R2site 
probe after UV treatment; lane 2: complexes with no UV treatment; lane 3: UV-treated 
complexes. U: unbound free R2site probe. MW (in kDa) were scaled with the Precision Plus 
Protein Pre-stained Standards (BioRad). (c) PAGE stained with colloidal Coomassie blue. 
Lane 1: MBP-BmR2DBD; Lane 2: MBP-BmR2DBD cleaved by Factor Xa. (d) Shifted 
complexes assembled with the R2site probe in the absence (lane 1) or presence (lane 2) of 
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5 nM MBP-BmR2DBD, 5, 50, 500 and 5000 nM of MBP-BmR2DBD cleaved with Factor Xa 
(for 2 hours at 25°C before complex assembly; lanes 3 to 6). Lanes 7 and 8 are negative 
controls obtained after incubating the R2site probe with MBP and Factor Xa proteins 
respectively. FP: Free Probe.  
 
Fig. 3 EMSA analysis of His-BmR2DBD. (a) Pattern of the complexes assembled with 
50 nM (lane 1), 100 nM (lane 2), 200 nM (lane 3) and 250 nM (lane 4) of His-BmR2DBD 
and the R2site probe. Lane 5: R2site probe without protein. FP: R2site Free Probe. (b) SDS-
PAGE (8%) analysis of UV cross-linked complexes resulting from the assembly of the His-
BmR2DBD and the radiolabeled R2site probe. Lane 1: R2site probe after UV treatment; 
lane 2: complexes with no UV treatment; lane 3: UV-treated complexes. U: unbound free 
R2site probe. MW in kDa were scaled with the Prestained Protein Molecular Weight Marker 
(Fermentas). (c) and (d) Saturation graphs at the binding equilibrium with a fixed probe 
concentration and variable concentrations of His-BmR2DBD and His-DmR2DBD, 
respectively. (e) and (f) Scatchard plots of the single complexes obtained with His-
BmR2DBD and His-DmR2DBD, respectively. The bound/free (B/F) R2site probe was plotted 
versus concentration of bound R2site probe [nM], leading to the Scatchard plot. -1/Slope of 
the line gives the apparent Kd. The R2 correlation coefficients calculated from the data used 
for the Scatchard linear regression were 0.92 for His-BmR2DBD and 0.86 for His-
DmR2DBD. 
 
Fig. 4 Features of His-BmR2DBD expressed in HeLa cells. (a) Shifted complexes 
assembled with the R2site probe in the absence of protein (lane 1), in the presence of purified 
protein produced in bacteria (lane 2) or HeLa cell extract expressing His-BmR2DBD (lane 3). 
FP: Free Probe. (b) Saturation graphs set at the binding equilibrium with a fixed concentration 
probe and variable amounts of HeLa cell extracts containing His-BmR2DBD. (c) Scatchard 
plot of the single complex obtained with His-BmR2DBD. The bound/Free (B/F) R2site probe 
was plotted versus concentration of bound R2site probe [nM], leading to the Scatchard plot. 
-1/Slope of the line gives the apparent Kd. The R2 correlation coefficient calculated from data 
used for the Scatchard linear regression was 0.96. (d) Sequence of the His-BmR2DBD-LexA 
fusion. The peptide containing the Histidine tag is typed in dark gray and bold. The linker is 
typed in italics and bold, the flexible poly-Glycine tracts are typed in light gray, and the NLS 
in black. BmR2DBD and the LexA part are typed in black, the latter being underlined. (e) 
Western Blot analysis of the His-BmR2DBD-LexA protein expressed in HeLa cells. Lanes 1 
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and 3: HeLa cell extract transfected with pCS2. Lanes 2 and 4: HeLa cell extract transfected 
with pCS2-BmR2DBD-LexA vector. Revelation was done with an anti-Histidine tag antibody 
(lanes 1 and 2) and anti-LexA antibody (lanes 3 and 4). (f and g) His-BmR2DBD-LexA 
complexes with R2site (f) and LexA-BS (g) probes. Lane 1: probe alone; lane 2: protein 
extract from cells transfected with pCS2; lane 3: protein extract from cells transfected with 
pCS2-BmR2DBD-LexA. Black arrows indicate the shifted complexes. Those in gray indicate 
dissociated complexes that varied in intensity for the various experiments and binding 
conditions. FP: Free Probe.  
 
Fig. 5 Impact of R2DBD peptides on in vivo NeoR cassette integration by random 
recombination of the plasmid carrier or transposition of the SB vector carrier. 
Transposition assays monitored in the absence (black bar) or presence of Tpase (SB10, white 
bar; R2DBD-SB10, dark gray bar) with a transposon source plasmid carrying a pSV40-NeoR 
(a) or a pPol1hNeoR cassette (b). Impact of the R2DBD-NLS-LexA peptide in transposition 
assays monitored in the absence (black and dark gray bars) or presence of SB10 Tpase (white 
and light gray bars) with an SB transposon plasmid carrying a pSV40-NeoR cassette (c and d) 
and a LexA binding site (LexA/BS; d). (e) and (f), impact of the R2DBD-NLS-N57SB10 
peptide in transposition assays monitored in the absence (black and dark gray bars) or 
presence of SB10 Tpase (white and light gray bars) with an SB transposon plasmid carrying a 
pSV40-NeoR cassette. 100 ng of pT2-pSV40-NeoR was transfected into 5x104 cells, but a 1/1 
and 1/400 plasmid ratio between pCS2-SB10 and pCS2-R2DBD-N57SB10 were respectively 
used in (e) and (f) (100ng/100ng versus 1ng/400ng). (g), impact of the R2DBD-NLS peptide 
in transposition assays monitored in the absence (black and dark gray bars) or presence of 
SB10 Tpase (white and light gray bars) with a transposon source plasmid carrying a pSV40-
NeoR. (h), impact of the NLS-LexA (black, dark gray and white bars) and N57SB10 peptides 
(light gray bar) on the integration by random recombination of pBS plasmids carrying a 
pSV40-NeoR cassette containing (white bars) or not a LexA/BS (white bars versus black, 
dark gray and light gray bars). In a, b, c, d, g and h, 100 ng of each plasmid was transfected 
into 5x104 cells. Data were obtained from at least 6 replicates resulting from at least 2 
different experiments. Percentages (%) of G418-resistant clones are calculated for each 
replicate using the sample represented by a black bar as a reference. They are represented 
with median and errors bars corresponding to quartiles 1 and 3. * and brackets indicate 
significant differences using a non-parametric, two-tailed Wilcoxon/Kruskal-Wallis test with 
a significance threshold of 0.05 (p>0.95). 
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Fig. 6 Location of R2DBD-NLS-GFP and R2DBD-GFP fusions expressed in HeLa cells. 
(a) Analysis of DAPI and GFP-fluorescence distribution in HeLa cells transfected with 
plasmids expressing GFP, MOS1-GFP or R2DBD-NLS-GFP proteins. GFP and MOS1-GFP52 
were used as negative and positive controls of active nuclear import, respectively. The nuclear 
DNA was stained with DAPI. Merge pictures were used to confirm the co-localization 
between the nucleus and GFP proteins. Since the results were similar, only those obtained 
with R2DBD-NLS-GFP are shown. (b). Analysis of GFP and DsRed-fluorescence 
distribution in HeLa cells co-transfected with plasmids each of which expressed the R2DBD-
NLS-GFP and pDsRed-C1Hsnucleoline fusions. pDsRed-C1Hsnucleoline was used to label 
nucleoli. Merge pictures were used to verify the co-localization between nucleoli and GFP 
signal in nuclei. Since results were similar with both fusions, only those obtained with 
R2DBD-NLS-GFP are shown in a and b. 
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Table 1: Plasmids used for transfections into HeLa cells 
Plasmid name Plasmid features 
Transposase source for integration assays 
pCS2-SB10 Plasmid encoding the version 10 of the sleeping beauty transposase (SB10 [58]) 
pCS2-SB10-R2DBD Plasmid encoding SB10 fused with R2DBD at its  terminal end 
Sources of NeoR cassette for integration assays 
pBS-NeoR pBSKS- in which a gene encoding a resistance to G418 flanked at its 5’ and 3’ 
ends  respectively by a SV40 promoter (pSV40) and a SV40 polyadenylation 
signal is cloned between the EcoRI and BamHI sites of the multicloning site 
(MCS) 
pBS-NeoR-LexA/BS pBS-NeoR in which a binding site to LexA is cloned at the EcoRI site in MCS 
pBS-NeoR-ZBS pBS-NeoR in which is cloned a binding site (12-mer) to the DNA binding 
domain ZFDbcr-abl [40] at the EcoRI site in the MCS 
pT2-pSV40-NeoR Plasmid coding an SB vector in which a NeoR cassette similar to that of the 
pBS-NeoR is cloned [58] 
pT2-pSV40-NeoR-LexA/BS pT2-pSV40-NeoR in which a binding site to LexA at the EcoRI site located 
upstream to the NeoR cassette is cloned 
pT2-pPol1h-NeoR pT2-pSV40-NeoR in which pSV40 was replaced by an RNA polymerase I 
promoter extracted from the pHENA plasmid [37] 
Targeting peptide sources for integration assays 
pCS2-R2DBD-NLS Plasmid encoding R2DBD fused to an SV40 NLS at its C-terminal end 
pCS2-R2DBD-NLS-LexA/BS Plasmid encoding R2DBD-NLS fused to the LexA DNA binding domain at its 
C-terminal end 
pCS2-R2DBD-LexA pCS2-R2DBD-NLS-LexA/BS in which the region encoding the NLS was 
mutagenized to remove it (from a PKKKRK motif to PKAIRK) 
pCS2-R2DBD-NLS-N57SB10 Plasmid encoding R2DBD-NLS fused to the 57 first residues of SB10 
(N57SB10) at its C-terminal end [28,41] 
pCS2-R2DBD-N57SB10 pCS2-R2DBD-NLS-N57SB10 in which the region encoding the NLS was 
mutagenized to remove it (from a PKKKRK motif to PKAIRK) 
pCS2-R2DBD-NLS- ZFDbcr-abl Plasmid encoding R2DBD-NLS fused to the DNA binding domain ZFDbcr-abl  
pCS2-NLS-LexA/BS Plasmid encoding SV40 NLS fused to the LexA DNA binding domain at its C-
terminal end 
pCS2-NLS-N57SB10 Plasmid encoding SV40 NLS fused to N57SB10 domain at its C-terminal end 
GFP or DsRed fusion proteins for epifluorescent microscopy analyses 
pCS2-R2DBD-NLS-GFP Plasmid encoding R2DBD-NLS fused to the GFP protein at its C-terminal end 
pCS2-R2DBD-GFP pCS2-R2DBD-NLS-GFP in which the region encoding the NLS was 
mutagenized to remove it (from a PKKKRK motif to PKAIRK) 
pCS2-MOS1-GFP Plasmid encoding Mos1 transposase fused to the GFP protein at its C-terminal 
end  
pDsRed-C1Hsnucleoline Plasmid encoding the Red fluorescent protein (DsRed) fused with the human 
nucleoline at its C-terminal end [44] 
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Table 2a - Number of ZBSs (CGGGTAAACggcgGGAGTAACT) outside the chromosomal 
loci that contain the rRNA genes. 
Model and features of the 
rDNA loci‡ 
N° of ZBS N° exact hits Locations in chromosomes 
Homo sapiens 
(GRCh37.p2 primary reference 
assembly) 
rDNA loci on chromosomes 13, 
14, 15, 21 and 22. 350 rDNA 
copies/haploid genome 
 








rDNA loci on chromosomes 12, 




















rDNA loci on chromosomes 3, 
11, 12. 100-360 rDNA 
copies/haploid genome 
 




rDNA loci on chromosome 16. 
261-331 rDNA copies/haploid 
genome 
 
0 0 - 
Drosophila melanogaster 
rDNA loci on chromosome X and 
Y. 240 rDNA copies/haploid 
genome 
 
0 0 - 
Saccharomyces cerevisae 
rDNA loci on chromosome XII. 
150 rDNA copies/haploid 
genome 
0 0 - 
UGC, unplaced genomic contig; *, one mismatch into the ggcg linker; ‡, [59-63]. 
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Table 2b - Number of R2DBD binding sites (TAAGGTAGCCAAATGCCTCG**) outside 
the chromosomal loci that contain the rRNA genes  




















































b.      
R2 retrotransposon binding and integration site 
ZBS                 Pokey transposon integration site 
 
ATTCAACCAAGCGCGGGTAAACggcgGGAGTAACTATGACTCTCTTAAGGTAGCCAAATGCCTCGTCATCTAATTAGTGACGCGCATGAATGGATGAACG Saccharomyces cerevisiae  
ATTCAAGCAAGCGCGGGTAAACggcgGGAGTAACTATGACTCTCTTAAGGTAGCCAAATGCCTCGTCATCTAATTAGTGACGCGCATGAATGGATGAACG Bombyx mori  
ATTCAAGCAAGCGCGGGTAAACggcgGGAGTAACTATGACTCTCTTAAGGTAGCCAAATGCCTCGTCATCTAATTAGTGACGCGCATGAATGGATGAACG Drosophila melanogaster  
ATTCAATGAAGCGCGGGTAAACggcgGGAGTAACTATGACTCTCTTAAGGTAGCCAAATGCCTCGTCATCTAATTAGTGACGCGCATGAATGGATTAACG Homo sapiens  
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Additional file. Design and properties of pZFD proteins 
In silico design of pZFD proteins.  
Three different pZFDs were designed in silico following the method described by 
Mandell and Barbas1, and using the backbone sequence YKCPECGKSFS-X7-HQRTH, in 
which X7 corresponds to the variable amino acid motifs that allocate their trinucleotide 
binding specificity to each ZF. In each of the ZF trimers (Figure 1c, ZFD1 and ZFD2), the 
ZFs were linked to the consensus linker, TGEKP. A flexible linker consisting of seven 
glycines (Gly)7 was used to link the ZF trimers2. Finally, the specific peptides LEPGEKP and 
TGKKTS were added at the N- and C-terminal ends, respectively, of the three pZFD proteins 
(Figure S1a). In the first pZFD, known as ZFDBarbas, the ZF with the greatest affinity for 
each of the 6 trinucleotides (CGG, GTA, AAC, GGA, GTA and ACT) was selected to make 
the fusion protein (Figure S1a, lane 1). Two other pZFDs were optimized using ZiFiT 
facilities28. The second protein, called ZFDSangamo, was designed using the Sangamo 
method that optimized each ZF trimer, taking into account the position occupied by each ZF 
in the fusion (Figure S1b, lane 2). The Toolgen method, that optimized pZFD from data 
recovered from natural pZFD encoded by the human genome, was used for the third pZFD, 
and designated ZFDToolgen (Figure S1a, lane 3). When the trimer of ZF could not be 
optimized, the ZF corresponding to ZFDBarbas was used. In view of its position in each ZF 
trimer, calculations done using ZiFDB facilities3 could not be used to further optimize the 
choice of each ZF in our pZFD. It nevertheless revealed that all the ZFs selected in 











Figure S1a. Sequence features of pZFD that were designed to bind to the conserved 100-bp region located 
within the rRNA genes encoding the 28S rRNA. Amino acid sequences of the three bipartite pZFD used in our 
work: (1) ZFDBarbas, (2) ZFDSangamo and (3) ZFDToolgen. Variable regions in each ZF are highlighted in 
gray. C2H2 motifs are highlighted in yellow or green in each ZF. The linkers between ZFD1 and ZFD2 are 
highlighted in black and typed in white. 
 
DNA fragment synthesis  
DNA fragments containing the 100-bp segment including the binding sites of pZFD and 
R2DBD proteins (Figure 1a and S1a) were synthesized by ATGBiosynthetics (Germany) 
and cloned in pUC57 (Fermentas) on the basis of a codon usage avoiding codons that are rare 
in human cells. 
 
Binding specificity of pZFD protein to ZBS  
The three pZFD proteins were cloned in the expression plasmids: in pMalc2 to produce 
protein fused with the Maltose binding protein (MBP), and in pET14b to generate fusions 
with a His6 tag at their N-terminal ends. These fusion proteins were produced in bacteria and 
then purified. Their abilities to bind to the R2site probe containing ZBS (Figure 1b) were 
evaluated by EMSA (electrophoretic mobility shift assay). Results revealed the formation of 
similar shifted complexes with MBP-ZFDBarbas, MBP-ZFDSangamo and MBP-
ZFDToolgen (Figure S2, lanes 1 to 3), the most efficient binding being obtained with the 
first of these proteins. In contrast, no shifted complex was obtained with the three His6-tagged 
proteins, indicating that the tag prevented either the activity or the folding of these fusions, as 
previously reported for other basic proteins such as transposases7. Although the specificity of 
the shifted complex obtained with the three MBP-tagged fusions had already been confirmed 
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by the presence of a saturating amount of non-specific DNA competitor in each sample 
assayed, it was nevertheless confirmed than no shifted complex was obtained with a non-





Figure S1b. EMSA analysis of the three pZFDs 
fused to the MBP. Lane 1, MBP-ZFDBarbas; lane 2, 
MBP-ZFDSangamo; lane 3, MBP-ZFDToolgen and 
lane 4, R2site probe alone. FP, indicates the free 
R2site probe in gel, and the arrow, the MBP-
pZFD/R2site complexes. Similar results were 
obtained whatever the binding conditions (temperature 
of 20, 30 or 37°C, and 0 or 5 mM ZnCl2). 
 
Because of its greater binding activity, the MBP-ZFDBarbas protein was identified as 
being the best candidate, and its apparent Kd was determined. EMSA experiments were first 
carried out using a fixed concentration of the R2site probe, and serially diluted protein. A 
saturation graph was obtained that made it possible to specify a fixed concentration of 39 nM 
of the MBP-ZFDBarbas protein (data not shown). Under these conditions, the apparent Kd 
was estimated to be over 1 µM, a value characteristic of a fusion protein with low affinity for 
its binding site. 
Overall, our data indicate that it was not possible to design an efficient pZFD in silico 
that would be able to bind to the conserved 100-bp segment of the gene encoding 28S rRNA. 
An alternative approach might therefore be to use a selection procedure to obtain an efficient 
pZFD. However, this raises questions about the pertinence of using a molecular selection 
procedure with, for example, the open source of standardized reagents and protocols for 
engineering ZF by modular assembly9. Indeed, since an open source of standardized reagents 
and protocols for engineering ZF by modular assembly8 is now available, one solution might 
have been to pursue our investigations by selecting a more efficient pZFD in vitro. It must be 
pointed out that this approach would be still more time-consuming and expensive than the in 
silico design approach. Beside the fact we had the R2DBD alternative solution available in 
the lab, one of the reasons that we did not further develop pZFD are the conditions to which 
they are subject when they have been developed or exploited for commercial purposes. Any 
pZFD engineered by public or private research laboratories is in fact controlled by private 
bodies, due to the intellectual property (IP) issues that surround and constrain this 
technology10-13. Since our aim is to develop DBD tools for gene targeting that can 
subsequently be made freely available to the scientific and medical communities, we focused 
our investigation on the BmR2DBD and DmR2DBD. From this perspective, it must be 
pointed out that the strategy consisting of integrating vectors specifically into rRNA genes, 
and using molecular tools derived from a non-LTR retrotransposon is IP-free, because a 1994 
patent belonging to Transgene S.A. has been abandoned (WO/1994/024300 - Transposition 
assembly for gene transfer in eukaryotes. Applicant: Transgene S.A.; inventor Jacobs, E), thus 
liberating this strategy for free exploitation.  
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Additional file 2. Amino acid and nucleotide sequence features of R2DBD-SB10  
 
S2a. Amino acid sequence of the His-R2DBD-S3N10-SB protein resulting from the 
BmR2DBD (highlighted in yellow) fused at its C-terminal end with the SB10 transposase 
(blue letters). Between these two moieties there is a linker similar to that in the pMalc2vectors 
system (New England Biolabs) that produces protein fusion. This linker consists of a flexible 
S3N10 peptide (letters in red type), plus a Factor Xa cleavage site (green letters). We selected 
this linker because it has been empirically shown to retain the activity of both moieties in 












S2b. Nucleotide sequence of the gene encoding the His-R2DBD-S3N10-SB protein that was 
cloned in the mammal expression plasmid pCS2+. The color codes are the same than those 
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Additional file 3. Impact of R2DBD-NLS-ZFD on the integration by random 
recombination of pBS-NeoR or pBS-NeoR-ZBS (Ratio 1/1 (pCS2-SB10/pCS2-R2DBD-
NLS-ZFD) 
 
S3a. Sequence of the R2DBD-NLS-ZFD fusion. The peptide containing the Histidine tag is 
typed in dark gray and bold. The linker between the two moieties is typed in italics and bold, 
the flexible poly-Glycine tracts being typed in light gray, and the NLS in blue. The R2DBD 








S3b. Impact of the targeting peptide, R2DBD-NLS-ZFDbcr-abl, on the production of NeoR 
clones after the transfection of 200 ng of a plasmid DNA mix into 5 x 104 HeLa cells, 
followed by selection in G418 for two-weeks. The composition of each DNA plasmid mix is 
indicated in the left margin. It consisted of 100 ng of a plasmid source of NeoR cassette 
containing or not a specific binding site for ZFDbcr-abl (pBS-NeoR or pBS-NeoR-ZBS) and 
100 ng of a plasmid expressing or not the targeting peptide (pCS2-R2DBD-NLS-ZFDbcr-abl or 
pCS2). Data were obtained from 9 replicates resulting from 3 different experiments. They are 
represented with median and the errors bars correspond to quartiles 1 and 3. For each plasmid 
source of NeoR cassette, (*) indicates significant differences (p>0.95). (**) indicates 
significant differences (p>0.95) between both plasmid sources of the NeoR cassette in the 
absence or presence of R2DBD-NLS-ZFDbcr-abl. 
 





% of G418 resistant clones
 
 
The results show that the presence of the R2DBD-NLS-ZFDbcr-abl peptide significantly 
reduced the rate of integration of pBS-NeoR and pBS-NeoR-ZBS (known as pBS-NeoR-BS) 
by random recombination. Surprisingly, they also indicate that this decrease was greater (x2) 
with a plasmid that did not contain ZBS. Overall, the extents of the differences obtained at a 
1/1 ratio between both plasmids are similar to those obtained with an R2DBD-NLS-N57SB10 
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Additional file 4. Amino acid sequence of the R2DBD-NLS-N57SB fusion 
 
Sequence of the R2DBD-NLS-N57SB fusion. The peptide containing the Histidine tag is 
typed in dark gray and bold. The linker between the two moieties is typed in italics and bold, 
the flexible poly-Glycine tracts being typed in light gray, and the NLS in blue. The R2DBD 
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Additional file 5. Impact of R2DBD peptides on cell viability 
The viability of the HeLa cells transfected with plasmids expressing different R2DBD 
peptides was evaluated by monitoring their ability to proliferate during the 48 hours following 
their plasmid transfection.  
Briefly, about 2.5 x 105 cells were seeded onto each 24-well plate, one day prior to 
transfection. Cells were transfected with jetPEI™ (Polyplus Transfection) at an N/P rate of 5, 
according to the Manufacturer’s instructions (Polyplus Transfection). Plasmid DNA (0.5 µg) 
and jetPEI™ (1 !l) were each diluted in 50 µl of 150 mM NaCl, and then mixed together. 
After incubating for 15 min, the mixture was dropped into 500 !L of Opti-MEM medium 
(Invitrogen). Cells were then incubated with the complexes for 4 h. The transfection solution 
was then discarded, replaced by 1 mL fresh DMEM supplemented with 10% FBS, and 
incubated for 24 hours at 37°C. At 0, 24 and 48 hours post-transfection, the size of each 
treated cell population was evaluated with the “Cell Titer 96 Non-Radioactive Cell 
Proliferation Assay” kit, under the conditions recommended by the producer (Promega). 
Briefly, 45 !l of dye solution was added in each well, then incubated for 1h at 37°C, in an 
atmosphere containing 5% CO2. 300 !l of the stopping solution were added and mixed with 
each sample. The OD was finally read at ! = 620 nm using a Mithras LB 940 (Berthold 
Technologies).  
 








pCS2-R2DBD-NLS-N57SB T= 0 h
T= 24 h
T= 48 h
Relative size of the HeLa cell populations
 
Figure S4a. HeLa cell proliferations under various transfection conditions. No treatment 
(NT-Cells), treatment with JetPEI (JetPEI-Cells), and transfection with pCS2 or pCS2-GFP 
were used as controls to verify the effect of the transfection on cell proliferation. Plasmid 
transfections with pCS2-R2DBD, pCS2-R2DBD-NLS, pCS2-R2DBD-NLS-LexA and pCS2-
R2DBD-NLS-N57SB were done to evaluate the effect of R2DBD peptides on cell 
proliferation. For each treatment, data were obtained from 4 replicates resulting from 2 
different experiments. They are represented using averaged relative size for each HeLa cells 
population. Under our experimental conditions and in agreement with jetPEI producer 
recommendations, FACS analyses allowed us to verify that more than 50% of the cells 
transfected with a pCS2-GFP expressed GFP, 24 hours and 48-hours post transfection (data 
not shown). 
 
Results indicated that there was no difference in cell proliferation between control 
samples and samples in which cells expressed a R2DBD peptide. Similar results were 
obtained when plasmids expressing R2DBD fusion peptides were co-transfected with the SB 
vector system (pCS2-SB10 + pT2-pSV40-NeoR). 
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Additional file 6. Interest of targeting insertions of exogenous DNA fragment into rRNA 
genes 
The need to perform targeted vector integrations into specific chromosomal sites is a 
major challenge in vectorology, for gene therapy purposes, but most of all in fields such as the 
bioproduction of therapeutic proteins in mammal cells. Indeed, the requirements related to 
transgene expression and the genotoxicity of the vectors used to make genetic modifications 
are similar in both fields, although the safety requirements are dramatically more stringent for 
gene therapy. 
Apart from the important issues raised by producing a targeted vector for each purpose, 
two issues that do not depend on whether the integrative vector is of viral or non-viral origin, 
need to be addressed to comply with the safety and effectiveness requirements. Firstly, 
transgene expression must be sustained; most chromosomal integrations are in fact followed 
by fairly rapid silencing of the expression of the transgene (Chen et al. 1997), which has so 
far led to considerable underestimation of the integration of certain vectors, as recently 
illustrated for Sleeping Beauty in mammalian cells (SB; Garrison et al. 2007; Dalsgaard et al. 
2009). Methods for circumventing the silencing of transgene expression have been developed, 
and usually consist of including an insulator, such as the MAR, UCOE, STAR and LCR 
elements, in the integrative vector (reviewed in Harraghy et al. 2008). However, the 
effectiveness of these elements depends considerably on the chromosomal location where the 
vector is integrated, its integration mode, and the features of the vector sequence. Secondly, 
the genotoxicity resulting from random integrations of the vector into chromosomes must be 
controlled, because this can cause deleterious genetic side effects, such as the emergence of 
proliferative cancer cells in the gene therapy context. Developing vectors that integrate 
specifically into a non-genic euchromatic target is currently thought to offer a promising way 
to circumvent this problem. However, in the light of the difficulties encountered in defining 
the genomic boundaries of a gene (reviewed in Gerstein et al. 2007) and, incidentally, the fact 
that this definition depends on the cell type, developing viral and non-viral vectors with 
secure insertion specificity appears to be a challenging goal.  
The proposition that an optimum way to integrate a vector is to target it into rRNA 
genes has been accepted as a valuable strategy in bioproduction for more than thirty years 
(Klabunde et al. 2004; dos Santos and Buck 2000). Incidentally, it must be remembered that 
the rRNA genes located in the nuclei are the sequences most transcribed in the genomes, 
several orders of magnitude above than any other genes. The proofs of principle that this 
solution is also useful for gene therapy purposes have been provided more recently (Liu et al. 
2007; Stewart et al. 2002: Wen et al. 2008). Important information supporting the concept that 
specific integrations of DNA fragments into a few rRNA genes are non-deleterious, have also 
been provided by several long-term studies carried out to elucidate the transposition 
machinery of various molecular parasites. Indeed, some of them have a strategy for 
maintaining themselves in eukaryotic genomes that consists of having few or no deleterious 
post-integrative effects, by inserting within conserved repeated genes (Kojima and Fujiwara 
2004). Data recovered from the group-I self-splicing introns that encode I-PpoI, the R1 to R7 
non-LTR retrotransposons (Kojima and Fujiwara 2005), and the Pokey DNA transposon 
(Penton et al. 2004), indicate that rRNA genes have been selected as a non-deleterious 
solution several times during eukaryote evolution, since these elements have no evolutionary 
relationships, and occur in entirely distinct lineages of eukaryotes. These convergences are 
striking, since these three kinds of molecular parasites all have their insertion site in a 24-bp 
segment located within a 100-bp region that is 99 to 100% conserved from yeast to humans. 
Another interesting point is that transgenes integrated into these genes can be expressed, 
whatever kind of promoter is involved. Their expression level is optimal, because they are not 
Carnus et al. - Supporting Information 
 
10 
silenced when only a few rRNA genes copies are interrupted, due to the natural presence of 
insulators in these loci (Robinett et al. 1997). 
From an environmental standpoint, the production of genetically modified organisms 
(GMO) by specifically integrating transgene cassettes into rRNA genes might help to control 
the diffusion of the transgene among non-genetically modified conspecifics or members of 
sibling species able to cross-hybridize. Indeed, some of the properties of rRNA genes might 
be useful to prevent their diffusion. Although their number can vary by a factor 2 in the 
genome of one species, rRNA genes are highly repetitive because they are essential for 
protein synthesis and thus for the viability of the organism. Their need is so essential that the 
evolution has retained, since the eukaryote origin, two properties for these genes. First, there 
are far more of them that the organism needs. Second, their functionality is preserved by a 
mechanism for monitoring the homogeneity of their sequence, which is known as 
magnification (Terracol 1987). This mechanism is specific to the germ line, and eliminates 
defective rRNA gene copies disrupted by DNA fragment integrations or deletions within 
about 2-5 generations. In the absence of selection, the vectors integrated into the repeated 
rRNA genes should therefore be labile and so not maintained in natural environments. This 
strategy might therefore be a technical solution to avoid the spread of transgenes into non-GM 
crops and natural populations of plants and animals. 
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Additional file. Design and properties of pZFD proteins 
In silico design of pZFD proteins.  
Three different pZFDs were designed in silico following the method described by 
Mandell and Barbas1, and using the backbone sequence YKCPECGKSFS-X7-HQRTH, in 
which X7 corresponds to the variable amino acid motifs that allocate their trinucleotide 
binding specificity to each ZF. In each of the ZF trimers (Figure 1c, ZFD1 and ZFD2), the 
ZFs were linked to the consensus linker, TGEKP. A flexible linker consisting of seven 
glycines (Gly)7 was used to link the ZF trimers2. Finally, the specific peptides LEPGEKP and 
TGKKTS were added at the N- and C-terminal ends, respectively, of the three pZFD proteins 
(Figure S1a). In the first pZFD, known as ZFDBarbas, the ZF with the greatest affinity for 
each of the 6 trinucleotides (CGG, GTA, AAC, GGA, GTA and ACT) was selected to make 
the fusion protein (Figure S1a, lane 1). Two other pZFDs were optimized using ZiFiT 
facilities28. The second protein, called ZFDSangamo, was designed using the Sangamo 
method that optimized each ZF trimer, taking into account the position occupied by each ZF 
in the fusion (Figure S1b, lane 2). The Toolgen method, that optimized pZFD from data 
recovered from natural pZFD encoded by the human genome, was used for the third pZFD, 
and designated ZFDToolgen (Figure S1a, lane 3). When the trimer of ZF could not be 
optimized, the ZF corresponding to ZFDBarbas was used. In view of its position in each ZF 
trimer, calculations done using ZiFDB facilities3 could not be used to further optimize the 
choice of each ZF in our pZFD. It nevertheless revealed that all the ZFs selected in 











Figure S1a. Sequence features of pZFD that were designed to bind to the conserved 100-bp region located 
within the rRNA genes encoding the 28S rRNA. Amino acid sequences of the three bipartite pZFD used in our 
work: (1) ZFDBarbas, (2) ZFDSangamo and (3) ZFDToolgen. Variable regions in each ZF are highlighted in 
gray. C2H2 motifs are highlighted in yellow or green in each ZF. The linkers between ZFD1 and ZFD2 are 
highlighted in black and typed in white. 
 
DNA fragment synthesis  
DNA fragments containing the 100-bp segment including the binding sites of pZFD and 
R2DBD proteins (Figure 1a and S1a) were synthesized by ATGBiosynthetics (Germany) 
and cloned in pUC57 (Fermentas) on the basis of a codon usage avoiding codons that are rare 
in human cells. 
 
Binding specificity of pZFD protein to ZBS  
The three pZFD proteins were cloned in the expression plasmids: in pMalc2 to produce 
protein fused with the Maltose binding protein (MBP), and in pET14b to generate fusions 
with a His6 tag at their N-terminal ends. These fusion proteins were produced in bacteria and 
then purified. Their abilities to bind to the R2site probe containing ZBS (Figure 1b) were 
evaluated by EMSA (electrophoretic mobility shift assay). Results revealed the formation of 
similar shifted complexes with MBP-ZFDBarbas, MBP-ZFDSangamo and MBP-
ZFDToolgen (Figure S2, lanes 1 to 3), the most efficient binding being obtained with the 
first of these proteins. In contrast, no shifted complex was obtained with the three His6-tagged 
proteins, indicating that the tag prevented either the activity or the folding of these fusions, as 
previously reported for other basic proteins such as transposases7. Although the specificity of 
the shifted complex obtained with the three MBP-tagged fusions had already been confirmed 
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by the presence of a saturating amount of non-specific DNA competitor in each sample 
assayed, it was nevertheless confirmed than no shifted complex was obtained with a non-





Figure S1b. EMSA analysis of the three pZFDs 
fused to the MBP. Lane 1, MBP-ZFDBarbas; lane 2, 
MBP-ZFDSangamo; lane 3, MBP-ZFDToolgen and 
lane 4, R2site probe alone. FP, indicates the free 
R2site probe in gel, and the arrow, the MBP-
pZFD/R2site complexes. Similar results were 
obtained whatever the binding conditions (temperature 
of 20, 30 or 37°C, and 0 or 5 mM ZnCl2). 
 
Because of its greater binding activity, the MBP-ZFDBarbas protein was identified as 
being the best candidate, and its apparent Kd was determined. EMSA experiments were first 
carried out using a fixed concentration of the R2site probe, and serially diluted protein. A 
saturation graph was obtained that made it possible to specify a fixed concentration of 39 nM 
of the MBP-ZFDBarbas protein (data not shown). Under these conditions, the apparent Kd 
was estimated to be over 1 µM, a value characteristic of a fusion protein with low affinity for 
its binding site. 
Overall, our data indicate that it was not possible to design an efficient pZFD in silico 
that would be able to bind to the conserved 100-bp segment of the gene encoding 28S rRNA. 
An alternative approach might therefore be to use a selection procedure to obtain an efficient 
pZFD. However, this raises questions about the pertinence of using a molecular selection 
procedure with, for example, the open source of standardized reagents and protocols for 
engineering ZF by modular assembly9. Indeed, since an open source of standardized reagents 
and protocols for engineering ZF by modular assembly8 is now available, one solution might 
have been to pursue our investigations by selecting a more efficient pZFD in vitro. It must be 
pointed out that this approach would be still more time-consuming and expensive than the in 
silico design approach. Beside the fact we had the R2DBD alternative solution available in 
the lab, one of the reasons that we did not further develop pZFD are the conditions to which 
they are subject when they have been developed or exploited for commercial purposes. Any 
pZFD engineered by public or private research laboratories is in fact controlled by private 
bodies, due to the intellectual property (IP) issues that surround and constrain this 
technology10-13. Since our aim is to develop DBD tools for gene targeting that can 
subsequently be made freely available to the scientific and medical communities, we focused 
our investigation on the BmR2DBD and DmR2DBD. From this perspective, it must be 
pointed out that the strategy consisting of integrating vectors specifically into rRNA genes, 
and using molecular tools derived from a non-LTR retrotransposon is IP-free, because a 1994 
patent belonging to Transgene S.A. has been abandoned (WO/1994/024300 - Transposition 
assembly for gene transfer in eukaryotes. Applicant: Transgene S.A.; inventor Jacobs, E), thus 
liberating this strategy for free exploitation.  
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Additional file 2. Amino acid and nucleotide sequence features of R2DBD-SB10  
 
S2a. Amino acid sequence of the His-R2DBD-S3N10-SB protein resulting from the 
BmR2DBD (highlighted in yellow) fused at its C-terminal end with the SB10 transposase 
(blue letters). Between these two moieties there is a linker similar to that in the pMalc2vectors 
system (New England Biolabs) that produces protein fusion. This linker consists of a flexible 
S3N10 peptide (letters in red type), plus a Factor Xa cleavage site (green letters). We selected 
this linker because it has been empirically shown to retain the activity of both moieties in 












S2b. Nucleotide sequence of the gene encoding the His-R2DBD-S3N10-SB protein that was 
cloned in the mammal expression plasmid pCS2+. The color codes are the same than those 
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Additional file 3. Impact of R2DBD-NLS-ZFD on the integration by random 
recombination of pBS-NeoR or pBS-NeoR-ZBS (Ratio 1/1 (pCS2-SB10/pCS2-R2DBD-
NLS-ZFD) 
 
S3a. Sequence of the R2DBD-NLS-ZFD fusion. The peptide containing the Histidine tag is 
typed in dark gray and bold. The linker between the two moieties is typed in italics and bold, 
the flexible poly-Glycine tracts being typed in light gray, and the NLS in blue. The R2DBD 








S3b. Impact of the targeting peptide, R2DBD-NLS-ZFDbcr-abl, on the production of NeoR 
clones after the transfection of 200 ng of a plasmid DNA mix into 5 x 104 HeLa cells, 
followed by selection in G418 for two-weeks. The composition of each DNA plasmid mix is 
indicated in the left margin. It consisted of 100 ng of a plasmid source of NeoR cassette 
containing or not a specific binding site for ZFDbcr-abl (pBS-NeoR or pBS-NeoR-ZBS) and 
100 ng of a plasmid expressing or not the targeting peptide (pCS2-R2DBD-NLS-ZFDbcr-abl or 
pCS2). Data were obtained from 9 replicates resulting from 3 different experiments. They are 
represented with median and the errors bars correspond to quartiles 1 and 3. For each plasmid 
source of NeoR cassette, (*) indicates significant differences (p>0.95). (**) indicates 
significant differences (p>0.95) between both plasmid sources of the NeoR cassette in the 
absence or presence of R2DBD-NLS-ZFDbcr-abl. 
 





% of G418 resistant clones
 
 
The results show that the presence of the R2DBD-NLS-ZFDbcr-abl peptide significantly 
reduced the rate of integration of pBS-NeoR and pBS-NeoR-ZBS (known as pBS-NeoR-BS) 
by random recombination. Surprisingly, they also indicate that this decrease was greater (x2) 
with a plasmid that did not contain ZBS. Overall, the extents of the differences obtained at a 
1/1 ratio between both plasmids are similar to those obtained with an R2DBD-NLS-N57SB10 
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Additional file 4. Amino acid sequence of the R2DBD-NLS-N57SB fusion 
 
Sequence of the R2DBD-NLS-N57SB fusion. The peptide containing the Histidine tag is 
typed in dark gray and bold. The linker between the two moieties is typed in italics and bold, 
the flexible poly-Glycine tracts being typed in light gray, and the NLS in blue. The R2DBD 
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Additional file 5. Impact of R2DBD peptides on cell viability 
The viability of the HeLa cells transfected with plasmids expressing different R2DBD 
peptides was evaluated by monitoring their ability to proliferate during the 48 hours following 
their plasmid transfection.  
Briefly, about 2.5 x 105 cells were seeded onto each 24-well plate, one day prior to 
transfection. Cells were transfected with jetPEI™ (Polyplus Transfection) at an N/P rate of 5, 
according to the Manufacturer’s instructions (Polyplus Transfection). Plasmid DNA (0.5 µg) 
and jetPEI™ (1 !l) were each diluted in 50 µl of 150 mM NaCl, and then mixed together. 
After incubating for 15 min, the mixture was dropped into 500 !L of Opti-MEM medium 
(Invitrogen). Cells were then incubated with the complexes for 4 h. The transfection solution 
was then discarded, replaced by 1 mL fresh DMEM supplemented with 10% FBS, and 
incubated for 24 hours at 37°C. At 0, 24 and 48 hours post-transfection, the size of each 
treated cell population was evaluated with the “Cell Titer 96 Non-Radioactive Cell 
Proliferation Assay” kit, under the conditions recommended by the producer (Promega). 
Briefly, 45 !l of dye solution was added in each well, then incubated for 1h at 37°C, in an 
atmosphere containing 5% CO2. 300 !l of the stopping solution were added and mixed with 
each sample. The OD was finally read at ! = 620 nm using a Mithras LB 940 (Berthold 
Technologies).  
 








pCS2-R2DBD-NLS-N57SB T= 0 h
T= 24 h
T= 48 h
Relative size of the HeLa cell populations
 
Figure S4a. HeLa cell proliferations under various transfection conditions. No treatment 
(NT-Cells), treatment with JetPEI (JetPEI-Cells), and transfection with pCS2 or pCS2-GFP 
were used as controls to verify the effect of the transfection on cell proliferation. Plasmid 
transfections with pCS2-R2DBD, pCS2-R2DBD-NLS, pCS2-R2DBD-NLS-LexA and pCS2-
R2DBD-NLS-N57SB were done to evaluate the effect of R2DBD peptides on cell 
proliferation. For each treatment, data were obtained from 4 replicates resulting from 2 
different experiments. They are represented using averaged relative size for each HeLa cells 
population. Under our experimental conditions and in agreement with jetPEI producer 
recommendations, FACS analyses allowed us to verify that more than 50% of the cells 
transfected with a pCS2-GFP expressed GFP, 24 hours and 48-hours post transfection (data 
not shown). 
 
Results indicated that there was no difference in cell proliferation between control 
samples and samples in which cells expressed a R2DBD peptide. Similar results were 
obtained when plasmids expressing R2DBD fusion peptides were co-transfected with the SB 
vector system (pCS2-SB10 + pT2-pSV40-NeoR). 
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Additional file 6. Interest of targeting insertions of exogenous DNA fragment into rRNA 
genes 
The need to perform targeted vector integrations into specific chromosomal sites is a 
major challenge in vectorology, for gene therapy purposes, but most of all in fields such as the 
bioproduction of therapeutic proteins in mammal cells. Indeed, the requirements related to 
transgene expression and the genotoxicity of the vectors used to make genetic modifications 
are similar in both fields, although the safety requirements are dramatically more stringent for 
gene therapy. 
Apart from the important issues raised by producing a targeted vector for each purpose, 
two issues that do not depend on whether the integrative vector is of viral or non-viral origin, 
need to be addressed to comply with the safety and effectiveness requirements. Firstly, 
transgene expression must be sustained; most chromosomal integrations are in fact followed 
by fairly rapid silencing of the expression of the transgene (Chen et al. 1997), which has so 
far led to considerable underestimation of the integration of certain vectors, as recently 
illustrated for Sleeping Beauty in mammalian cells (SB; Garrison et al. 2007; Dalsgaard et al. 
2009). Methods for circumventing the silencing of transgene expression have been developed, 
and usually consist of including an insulator, such as the MAR, UCOE, STAR and LCR 
elements, in the integrative vector (reviewed in Harraghy et al. 2008). However, the 
effectiveness of these elements depends considerably on the chromosomal location where the 
vector is integrated, its integration mode, and the features of the vector sequence. Secondly, 
the genotoxicity resulting from random integrations of the vector into chromosomes must be 
controlled, because this can cause deleterious genetic side effects, such as the emergence of 
proliferative cancer cells in the gene therapy context. Developing vectors that integrate 
specifically into a non-genic euchromatic target is currently thought to offer a promising way 
to circumvent this problem. However, in the light of the difficulties encountered in defining 
the genomic boundaries of a gene (reviewed in Gerstein et al. 2007) and, incidentally, the fact 
that this definition depends on the cell type, developing viral and non-viral vectors with 
secure insertion specificity appears to be a challenging goal.  
The proposition that an optimum way to integrate a vector is to target it into rRNA 
genes has been accepted as a valuable strategy in bioproduction for more than thirty years 
(Klabunde et al. 2004; dos Santos and Buck 2000). Incidentally, it must be remembered that 
the rRNA genes located in the nuclei are the sequences most transcribed in the genomes, 
several orders of magnitude above than any other genes. The proofs of principle that this 
solution is also useful for gene therapy purposes have been provided more recently (Liu et al. 
2007; Stewart et al. 2002: Wen et al. 2008). Important information supporting the concept that 
specific integrations of DNA fragments into a few rRNA genes are non-deleterious, have also 
been provided by several long-term studies carried out to elucidate the transposition 
machinery of various molecular parasites. Indeed, some of them have a strategy for 
maintaining themselves in eukaryotic genomes that consists of having few or no deleterious 
post-integrative effects, by inserting within conserved repeated genes (Kojima and Fujiwara 
2004). Data recovered from the group-I self-splicing introns that encode I-PpoI, the R1 to R7 
non-LTR retrotransposons (Kojima and Fujiwara 2005), and the Pokey DNA transposon 
(Penton et al. 2004), indicate that rRNA genes have been selected as a non-deleterious 
solution several times during eukaryote evolution, since these elements have no evolutionary 
relationships, and occur in entirely distinct lineages of eukaryotes. These convergences are 
striking, since these three kinds of molecular parasites all have their insertion site in a 24-bp 
segment located within a 100-bp region that is 99 to 100% conserved from yeast to humans. 
Another interesting point is that transgenes integrated into these genes can be expressed, 
whatever kind of promoter is involved. Their expression level is optimal, because they are not 
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silenced when only a few rRNA genes copies are interrupted, due to the natural presence of 
insulators in these loci (Robinett et al. 1997). 
From an environmental standpoint, the production of genetically modified organisms 
(GMO) by specifically integrating transgene cassettes into rRNA genes might help to control 
the diffusion of the transgene among non-genetically modified conspecifics or members of 
sibling species able to cross-hybridize. Indeed, some of the properties of rRNA genes might 
be useful to prevent their diffusion. Although their number can vary by a factor 2 in the 
genome of one species, rRNA genes are highly repetitive because they are essential for 
protein synthesis and thus for the viability of the organism. Their need is so essential that the 
evolution has retained, since the eukaryote origin, two properties for these genes. First, there 
are far more of them that the organism needs. Second, their functionality is preserved by a 
mechanism for monitoring the homogeneity of their sequence, which is known as 
magnification (Terracol 1987). This mechanism is specific to the germ line, and eliminates 
defective rRNA gene copies disrupted by DNA fragment integrations or deletions within 
about 2-5 generations. In the absence of selection, the vectors integrated into the repeated 
rRNA genes should therefore be labile and so not maintained in natural environments. This 
strategy might therefore be a technical solution to avoid the spread of transgenes into non-GM 
crops and natural populations of plants and animals. 
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Changes in the number of applicants
The shifts over the last 30 years in patent own-
ership between industrial and institutional 
applicants combined with the arrival of new 
applicants illustrate the attractiveness of the 
CCE sector since 1987 (Fig. 1). When CCE 
development began, patent applications were 
filed by academic bodies acting alone or with 
an industrial partner. Overall, patenting by aca-
demic bodies has remained stable over the last 
30 years. Between 1987 and 2001, technologi-
cal developments expanded, showing that the 
field of CCEs was attracting increasing interest. 
The first maturity phase for CCE technologies 
during the period 1998–2003 (Supplementary 
Data 2) is confirmed by the number of pat-
ent filings submitted by industrial applicants. 
Private industry’s interest in CCEs has resulted 
in its becoming massively dominant in filing 
patent applications. During these years of 
more intense patent filings, industry held 70% 
of patents with CCE claims. In other words, 
the development of the five chromatin control 
technologies, and particularly those of insula-
tors and MARs, was essentially undertaken 
by industry. Finally, the year 2005 marked the 
return of the public sector, with nearly 50% of 
applicants being institutional or academic bod-
ies, most of them working on insulation system 
development.
The changes in the numbers of new and 
total applicants (Fig. 1) also highlight the 
attractiveness of this field of innovation. The 
number of new applicants has paralleled 
the total number of applicants since 1987, 
the former corresponding to almost 50% of 
the latter throughout the period. It should 
also be pointed out that 2001 was a pivotal 
year, with the highest numbers of both pat-
ent families (patents and patent applications 
sharing the same priority or combination of 
priorities, about the same invention) (38) and 
expression of the transgene1. One way to ren-
der the transgene expression independent of 
the vector integration site, thus circumventing 
expression silencing, is to include cis-regulatory 
elements, such as chromatin control elements 
(CCEs), in the components of a vector designed 
to genetically modify the factory cells. The sci-
entific literature2,3 indicates that CCEs include 
DNA sequences that have an impact on the 
chromatin organization, and thus, on the level 
of expression of the transgenes in their vicinity. 
Indeed, these DNA cis-regulatory elements can 
act as positional enhancer or silencer block-
ers, by impairing the enhancer- or silencer- 
mediated activation of a promoter. Alternatively, 
they can protect a transgene against chromatin 
position effects at its genomic integration site, 
thus maintaining transgene expression over 
time. CCEs have been identified in various 
eukaryotic genomes and divided into five cat-
egories2,3: locus control regions (LCRs), matrix 
attachment regions (MARs), insulators (such 
as the chicken hypersensitive site 4 element, 
cHS4), ubiquitously acting chromatin open-
ing elements (UCOEs) and stabilizing and anti-
repressor elements (STARs), according to their 
properties and specificities. Their properties 
make them of major interest in bioproduction, 
and their characterization and engineering 
have been subject to extensive patenting since 
their discovery.
Here we analyze the patent landscape (see 
the methodology in Supplementary Data 1) 
for the main classes of CCEs with the aim of 
tracking their emergence and current develop-
ment. We have determined the degree of matu-
rity of these technologies and the geographic 
coverage of patent protection. We have also 
identified the key applicants and their techno-
logical positioning within the environment of 
biotech companies and public-sector laborato-
ries working on CCEs.
S
ales of therapeutic recombinant proteins 
produced by biopharmaceutical compa-
nies have increased from $49 billion in 2004 to 
an estimated $121 billion in 2010. Two of the 
main priorities for manufacturers attempting 
to meet the challenge of biopharmaceutical 
production are shortening the time taken to 
manufacture new cell lines and selecting them 
for elevated productivity. The conventional 
approach for obtaining these cell lines is to use 
stable expression systems based on chromo-
somal integration into host cells by transfec-
tion. In general, no attempt is made to target 
the transgenic DNA cassette that expresses the 
protein of interest at a specific chromosomal 
site in the transfected cells. Indeed, so far there 
is no evidence that targeted integration is syn-
onymous with higher protein productivity and 
long-term stability of expression in mammal 
cells. Nevertheless, the chromatin structure at 
the site of insertion does appear to be a critical 
parameter with regard to the expression of the 
integrated transgene. Integration into open 
chromatin (euchromatin), which is actively 
transcribed, favors high and stable expres-
sion, whereas integration into condensed 
chromatin (heterochromatin), which has low 
transcription activity, results in little or no 
gene expression.
Another source of variation is the silencing 
of the expression of the newly integrated trans-
gene in the host cell chromosomes. Indeed, 
some or all of the integrated vector copies are 
recognized as exogenous inserts by the nuclear 
defense machinery, which leads them to be het-
erochromatinized, resulting in silencing of the 
Landscape of chromatin control element patents: 
positioning effects in pharmaceutical bioproduction
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WO2006005718). There are only two other 
relatively minor applicants—Millipore and the 
Massachusetts Institute of Technology (MIT; 
Cambridge, MA, USA); thus, Crucell is incon-
trovertibly the sole leader for STAR elements.
The situations for MARs and insulators are 
quite similar. The major applicants for insu-
lators and MAR are US government agencies 
with nine patent families (e.g., WO9423046, 
WO0102553 and WO2008101216), and the 
University of North Carolina (Chapel Hill, 
NC, USA) with eight patent families (e.g., 
WO9407902, WO9907866 and WO9805757), 
respectively. This situation contrasts sharply 
with those of UCOEs and STARs, as no private 
sector entity has a major patent portfolio based 
on these technologies. However, minor appli-
cants have emerged from final uses of MARs, 
as illustrated by Neurotech Pharma (Lincoln, 
RI, USA) and its MAR derived from the human 
C-interferon gene (WO200248379), and 
Selexis (Plan-les-Ouates, Switzerland), with 
a MAR derived from the chicken lysozyme 
gene (WO02074969). Similar situations are 
also encountered with Dow Agrosciences 
(Indianapolis, IN, USA), and the use of artifi-
cial MARs in plants (WO0032800), Synageva 
Biopharma (Lexington, MA, USA) and the 
development of a MAR from the chicken oval-
bumin gene (WO2004094640) and Novartis 
(Basel, Switzerland) with its MAR originating 
from the gene encoding human interferon-C, 
for which they have developed uses in ret-
roviral vectors for gene therapy purposes 
(WO9746687). Yet, to date, no major indus-
trial leader has emerged in MAR technology, at 
least based on the somewhat arbitrary criterion 
of the number of patent applications filed. It 
should be noted that within the industry Selexis 
is considered to occupy a leadership position in 
MARs even though it has only a few patents, 
because these have high-value content for bio-
production.
Some companies have focused their tech-
nological interests on insulators, such as 
Boehringer Ingelheim (Ingelheim, Germany), 
which exploits expression-enhancing elements 
originating from a DNA sequence segment 
isolated from Chinese hamster ovary cells and 
located upstream of the coding region of the 
gene encoding ubiquitin/ribosomal protein 
S27a (WO2008012142). GTC Biotherapeutics 
(Framingham, MA, USA) does not use its own 
genetic element, as this company has claimed 
the C-globin insulator sequence (so-called 
cHS4, covered by WO9423046) as a ‘preferred 
insulator’ for a method of making a transgenic 
fusion protein (WO0119846, WO0119842). 
Similarly, Auilix Biopharma (Berkeley, CA, 
USA) uses insulators, including cHS4, to 
screen for compounds having effects on various 
gene therapy company set up in 1992 to exploit 
the research projects of the Medical Research 
Council (MRC) London, including LCR tech-
nology. By the end of the 1990s, Therexsys 
had grown and become Cobra Therapeutics, 
following its fusion with Cobra Biosciences. 
Cobra Therapeutics went on to develop 
UCOE technology in collaboration with the 
King’s College London. Cobra was bought a 
few years later by ML Lab, which wanted to 
reinforce its gene therapy and cell-targeting 
projects. To focus and reinforce its activities on 
inhaled drugs for respiratory diseases, ML Lab 
became Innovata in 2005, following its acquisi-
tion of Quadrant Technologies. Innovata was 
then acquired in 2007 by the Vectura Group 
(Chippenham, UK), which shared similar tech-
nological objectives. The orientation taken by 
Innovata in 2005 led the company to sell its 
non-core activities, including those concerning 
its DNA production business. Consequently, 
the UCOE gene expression technology owned 
by Innovata was sold to Celliance, a wholly 
owned affiliate of Serologicals, which is itself 
owned by Millipore. Finally, compared to the 
two other major applicants in this technol-
ogy, Crucell (Leiden, the Netherlands) and 
GlaxoSmithKline (GSK; London), Millipore 
can be considered to be the undeniable leader 
in UCOE technology, with 15 patent fami-
lies (e.g., WO0005393, WO02081677 and 
WO2006095156).
Our analysis of STAR technology shows 
that it has been strongly protected by Crucell 
(through the acquisition of Chromagenics in 
2004), and that the company has concentrated 
its research and patenting activities. To date, 
Crucell holds a portfolio of 15 patent fami-
lies (e.g., WO03004704, WO2004056986 and 
applicants (34). From 2002 to 2008, the number 
of new applicants followed the general down-
ward trend until 2005, and has subsequently 
remained relatively stable. It is noteworthy 
that the pioneering applicants are still actively 
patenting, reinforcing their patent portfolio 
by improving their technologies. It appears 
necessary today to develop novel elements or 
alternative solutions—a challenge that is usu-
ally undertaken by public-sector fundamental 
research, sometimes to the detriment of its own 
best interests. Indeed, government laboratories 
with limited financial means are often trapped 
by the need to avoid disclosing to later control 
the intellectual property of their innovations 
and recover the benefits of their exploitation, 
and to validate their works through interna-
tional journals or conferences to be able to raise 
funds to continue their projects. 
Positioning of the main pioneering 
applicants
All five families of CCEs have been the sub-
ject of R&D projects and patenting activities 
(Supplementary Data 2). It is interesting to 
rank each major applicant on the basis of the 
size of their portfolio for each technology type 
(Supplementary Data 3). We therefore com-
pared the different technologies covered by the 
portfolios of the top pioneering applicants to 
identify those that are in competition within 
each technology and to identify their likely 
fields of expertise (Fig. 2).
The analysis of the UCOE-based patent 
portfolios indicates that Millipore (Billerica, 
MA, USA) is the main technological player. 
Millipore’s current dominant position results 
from several successive acquisitions of compa-
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Figure 1  Change in the breakdown of industrial patents versus institutional patents and in the number 
of applicants. The different colored sections in each bar represent the proportion of filings stemming 
from academic institutions (yellow), industrial research (red), joint (academic and industrial) filings 
(blue) and inventors (gray). The filings in the inventors section (gray) correspond to the numerous US 
patents that are filed by inventors as applicants, under the US patent system. The dashed green line 
shows the number of new applicants per year defined as applicants who have filed a patent application 
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system to promote their technology, first by 
publishing credible communications of their 
results in scientific journals, and second, by 
divulging their improvements to the scientific 
community4–9.
Evolution of CCE-based companies
After a few years of existence, the two emergent 
companies developing UCOE and STAR tech-
nologies were both taken over by a bigger com-
pany involved in manufacturing processes for 
the biopharmaceutical sector, that is, Millipore 
and Crucell. By these acquisitions, the sec-
ond type of company expected to reinforce 
and expand its strategic and economic posi-
tion in the bioproduction value chain either 
by absorbing a possible future competitor, or 
by incorporating a technology that it lacked. 
Crucell not only proposed the exploitation 
of the STAR technology, but also that of its 
PER.C6 cell line within a platform for recom-
binant protein manufacturing. Moreover, the 
company estimated that “license fees on the 
STAR technology will be far more valuable 
than the licenses Crucell issues on its PER.C6 
technology.” Such companies propose technol-
ogy packages once they have been successfully 
optimized, and concentrate on marketing 
products or platforms that are protected by a 
strong patent portfolio. One advantage of their 
strategies is to reach agreements in biopharma-
ceutical production that should generate short- 
and medium-term revenue streams.
Besides their positioning in CCE technolo-
gies, companies such as Crucell and Millipore 
have reinforced their leadership positions by 
completing their patent portfolio with comple-
mentary patent families exploiting other tech-
nologies that make it possible to increase protein 
production in different but complementary 
ways (WO2007096399 and WO2008085956, 
Therexsys from the MRC London and Cobra 
Therapeutics (ML Lab/Innovata/Millipore) 
through a fruitful collaboration with King’s 
College London. These technology-based 
companies have focused on engineering their 
respective CCEs, which they have protected 
with robust patent portfolios. To develop their 
technologies up to a commercial level, compa-
nies have had to maintain collaboration with 
the laboratory from which the CCE emerged, 
and initiate new interactions with players in 
the bioproduction field that are developing 
complementary technologies (e.g., vectors, 
cell lines). This is why spin-offs that have 
been successful in the field of CCE technol-
ogy have often used research license agree-
ments that allow a potential new customer to 
test the technology for an evaluation period 
(e.g., ML Laboratories with Maxygen in 2003, 
Selexis with Pierre Fabre in 2006 and Crucell 
with Celltrion in 2008). Generally, spin-offs 
have adopted an out-licensing strategy allow-
ing them to avoid being deprived of market 
share. In the cases cited, these agreements have 
proved very useful for these emerging compa-
nies because they allowed them to obtain vali-
dation of their technology for the manufacture 
of biopharmaceuticals and, to some extent, to 
subsequently subcontract the validation to 
third parties. Once validation was obtained, 
the research license agreements were replaced 
by commercial license agreements intended 
to generate income in the form of commercial 
turnover and royalties (e.g., ML Laboratories 
with Maxygen in 2005, Selexis with Ganymed 
in 2007 and Crucell with Centocor in 2009). 
These licenses have therefore been used to 
reinforce a strategic position in a market where 
several competing CCE systems are present. 
These validations have also been used by com-
panies to organize part of the communication 
tissues and diseases (WO03046133) or to iden-
tify cellular targets (WO2005078069).
In the case of LCRs, our results show that 
the MRC London is the major player, with ten 
patent families (e.g., WO8901517, WO9010077 
and WO9533841; Fig. 2). To a lesser extent, the 
National Institutes of Health (Bethesda, MD, 
USA) and the Vectura Group are also important 
applicants with five patent families each. Other 
companies have filed some patent applications 
on LCRs, including major pharmas such as 
AstraZeneca (London), GSK and Novartis and 
biotechs such as Genetix (San Jose, CA, USA), 
Sangamo Biosciences (Richmond, CA, USA), 
the Mogam Research Institute (Yongin, Korea) 
and DNX (Princeton, NJ, USA) . 
In conclusion, the key players fall into two 
categories: The first consists of specialists in a 
single technology, whereas those in the second 
category tend to diversify their activities by pat-
enting several CCE uses. For example, Millipore 
and Crucell are two leaders that control the 
ownership and exploitation of UCOEs and 
STARs, respectively. However, these two com-
panies have also filed several patent applications 
covering the engineering of other elements, as 
illustrated by the four patent families that cover 
UCOE uses that belong to Crucell, and the two 
patent families on MAR uses held by Millipore. 
These two applicants have already developed 
their CCEs, which they probably now consider 
to be technically mature. As a result, they have 
also developed technologies for improving gene 
expression that can be integrated into a global 
manufacturing process for bioproduction. For 
example, in the international patent application 
WO2006048459, Crucell has disclosed methods 
for obtaining host cells that express a polypep-
tide of interest, including an expression cassette 
comprising at least one chromatin-influencing 
element selected from the group consisting of 
a MAR, an insulator sequence, and a UCOE or 
STAR sequence.
Corporate strategies of CCE-based 
companies
Reconstructing the history of the main CCE-
based companies and the evolution of their 
corporate strategies is a way to complete the 
picture provided by the patent landscape. Here, 
results from our patent studies and analysis of 
the players involved in the development of 
CCEs have allowed us to show that several 
different types of competing companies are 
involved in this field.
The first type corresponds to spin-offs that 
have exploited CCEs originally discovered in 
the laboratories from which they emerged; for 
example, Chromagenics (now Crucell), which 
emerged from the University of Amsterdam; 

































































































































































Figure 2  Technological positioning of applicants who have filed at least three patent families covering 
CCEs, their engineering and their final uses. The ball size represents the technological importance of 
each applicant, based on the size of its portfolio for each CCE type. The number inside the colored balls 
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Which strategies suit new entrants?
For existing firms that wish to enter the field of 
biopharmaceutical manufacturing, setting up 
an R&D and/or exploitation plan first requires 
the ability to navigate accurately through the 
patent landscape where competitors are already 
positioned. An additional difficulty arises from 
the fact that the technological leaders in the field 
are continuously developing their technology, 
so that the patent landscape is forever shifting. 
Thus, new entrants will have to position them-
selves to avoid infringing patents held by their 
technological competitors, who have already 
developed a strong patent portfolio world-
wide (Supplementary Data 4). An attempt to 
penetrate this business by a company owning 
technologies based on new CCEs also seems to 
be a high-risk strategy in the light of the data 
presented above, and the barrier to entry into 
this market can be considered high.
At least three solutions are exemplified 
(Supplementary Data 5). The first involves 
the granting of licenses by the technology lead-
ers. The second is to obtain know-how from 
pioneering inventors. The third solution is to 
use CCEs that are not patented. So, for new 
companies such as spin-offs, entering the field 
of the biopharma manufacturing appears to 
be a stiff challenge. Indeed, the IP for CCEs 
as a whole is owned by the pioneering com-
panies, allowing them to control future devel-
opments.
The integration of CCEs into current pro-
duction processes is also well developed. This 
situation is also indirectly and unintention-
ally supported by the regulatory agencies that 
have so far validated only a few production 
systems for pharmaceutical purposes. From 
this point of view, only major legislative 
changes would be able to modify the rules 
and regulations that would allow the reacti-
vation of innovative solutions in this field. 
Modifications of the reproduction processes 
used by the biopharma manufacturers may 
be initiated from one or several technology 
breakthroughs: (i) the availability of new and 
cheaper production systems (animals, plants 
or fungi) that have been validated by national 
and international safety agencies; (ii) tech-
nological innovations such as the availability 
of controllable and stable vectors with large 
cargo capacities (100–200 kbp) that would be 
able to carry large, tissue-specific elements 
and inducible regulatory elements; or by 
major global problems and/or constraints 
that result from (iii) the discovery of safety 
issues in the existing production technolo-
gies; or (iv) a change in the rules following 
the economic and politic management of 
world conflicts of interest (e.g., changes in 
trust, infringement of IP rights).
application that need to be protected by patent-
ing. For example, parent application EP1404872 
claims a method for selecting a DNA sequence 
with a gene transcription–modulating quality 
in various species, including DNA sequences 
obtained by the applicant using this method. 
Following the patent office examination, this 
parent application was divided into several 
divisional applications, each covering one 
DNA sequence obtained by the applicant using 
their method of selection (e.g., EP1842919 and 
EP1806407). These intellectual property (IP) 
strategies are based on the facilities available for 
the national innovation policies of companies 
in the Netherlands (Chromagenics is Dutch) or 
in Switzerland10 (Selexis is Swiss).
Positioning of the third group of 
applicants
Currently, there is fierce competition between 
Crucell, Millipore and Selexis to win over 
potential bioproduction customers11. However, 
they may also be faced by a third type of player, 
which has developed a global process for gene 
expression purposes, following another strat-
egy that consists of supplying its own CCE in 
a specific context. For example, Novo Nordisk 
(Bagsværd, Denmark) has developed an 
approach to producing Factor VII polypep-
tides or Factor VII-related polypeptides using 
its own MAR isolated from hamster cells 
(WO2004027072). In a similar way, Synageva 
Biopharma has developed technological pack-
ages that use transgenic birds as bioreactors, 
the production of recombinant protein being 
linked to a chicken MAR isolated from the 
ovalbumin gene (WO2004094640). For its 
part, Avesthagen (Bangalore, India) has devel-
oped its own MAR in association with certain 
expression-enhancing sequences the company 
had already identified, as illustrated by patent 
family WO2009150517. In general, these com-
panies correspond to contract manufacturing 
organizations, offering services involving 
the manufacture of recombinant proteins on 
fully optimized cell systems. They also offer 
upstream and downstream services and make 
the transfer process much easier, as potential 
consumers do not need to deal with multiple 
service providers. At present, they repre-
sent emerging-stage growth companies that 
have accumulated promising technologies to 
supply a growing worldwide market. They 
can therefore be viewed as good investment 
opportunities for venture capital funds, as in 
the case of the Pender NDI Life Sciences Fund, 
which invested in Chromos Molecular Systems 
(Burnaby, BC, Canada; WO9423046) and 
Fuqua Ventures, which invested in Avigenics, 
a company acquired by Synageva Biopharma 
(WO02079447).
respectively). In this second group, some com-
panies may have used back roads to establish 
their position. For example, Selexis has so far 
limited its proposition of services to the use of 
its MARs under contitions predefined for opti-
mal expression of proteins in mammal cells. In 
spite of the fact that the company was founded 
in the pivotal year of 2001 and so far remains 
a fairly small company (in terms of number 
of employees), it has not been taken over by 
a larger company as were the former owners 
of the STAR and UCOE technologies. This 
situation makes it difficult to decipher Selexis’ 
corporate strategy. If Selexis thinks that its tech-
nology could give an unprecedented advan-
tage to a company involved in bioproduction, 
they could be waiting for a large deal from big 
pharma, or with a company that develops entire 
manufacturing processes for potential custom-
ers. Alternatively, Selexis may see its future as a 
developer or assembler of bioproduction pro-
cesses and thus be developing its own tailored 
cell lines, vectors and screening processes. It 
will be interesting to follow the evolution of the 
patent portfolio of this company and its com-
petitors in the years to come (with a potential 
license for WO2010046493 family in the name 
of the University of Lausanne (which is not 
included in this patent landscape) that deals 
with new insulators and not MARs).
Intellectual property strategy of the three 
technological leaders
In spite of strategy differences between the 
current leaders in this field, an analysis of 
their CCE patent portfolios reveals that they 
have all exploited all the advantages of patent 
systems since their origin. In particular, they 
have cleverly made use of the advantages of 
divisional applications to reinforce their patent 
portfolio (EP1404872 for Crucell, EP1373535 
and EP1587934 for Millipore and EP1675952 
for Selexis). A divisional application is a patent 
application derived from a parent application. 
Although this cannot be claimed in the form, 
some parent applications have been written 
in such a way that unavoidably leads a patent 
office examiner to conclude, for example, that 
the unity of the invention is not fulfilled. As a 
consequence, the applicants have to subdivide 
their parent application into as many divisional 
applications as there are unique inventions that 
they still wish to patent after expert assessment. 
This also leads to numerous patents, which stra-
tegically reinforces the patent portfolio of the 
applicant. Above all, this allows applicants to 
extend the period between the date of the pat-
ent submission and its publication, thus gaining 
time to work on the scientific and technologi-
cal content of their invention and therefore to 
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get involved in clinical trials to develop and 
optimize vectors for gene transfer for thera-
peutic purposes. This is illustrated by disputes 
over the ownership and exploitation in gene 
therapy of the technology based on the LCR 
from the C-globin gene in the 1990s, oppos-
ing the MRC London–Therexsys (EP0332667) 
and the MIT–Genetix (EP0377676) patents. 
Competition between CCE technologies has 
turned out to be economically viable and effec-
tive for the production of biopharmaceuticals, 
and a second leg of the race can be expected to 
involve producing the most efficient CCEs for 
gene therapy purposes.
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Conclusion
The market for therapeutic substances that are 
derived from biological materials or produced 
by a biotechnological process continues to 
grow rapidly. Nearly 1,000 products are cur-
rently being evaluated in clinical studies, and 
the estimated sales for 2010 are about $50 bil-
lion. In the absence of major upheaval in the 
bioproduction landscape, the use of CCEs to 
improve and optimize factory cell lines appears 
to have a bright future. Moreover, succeeding 
in the cell line–engineering business may be 
an essential first step to achieving some other 
long-term objective of the companies that have 
developed CCEs. Indeed, the ability to sustain 
heterologous gene expression in gene therapy 
is a new market for players with chromatin 
control technologies to master, and can be 
expected to generate additional revenues from 
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Supplementary Data 1: Methodology and key words on chromatin control technologies 
We have compiled a comprehensive dataset of patent documents by collecting and analyzing CCE 
patent filings worldwide. To do this, we extracted patent documents from the FamPat patent 
database (Questel). This lists the patent applications within given patent families published by 93 
patent offices. The mining step yielded 320 patent families published between 1980 and March, 
2010. 
The search method associates standard truncation symbols, Boolean operators, complex search 
operators and combinations of key words that are used to select the patent documents by probing 
titles, abstracts and claims. Key words for each of the five element families were defined using the 
forms of words used in the patents and the scientific literature: 
• LCRs: locus control*, dominant activat*, dominant control*, locus activat*, region?, 
subregion?, sequence?, LCR, LCRs, DCR, DCRs, LAR, LARs, HS, HSS, HS1, HS2, HS3, 
HS4, HS5, dnase?, dnaase?, supersensit*, hypersensit*, superhypersensit, gene?, genetic, 
DNA, globin, chromatin, locus, loci, core, site?. 
• MARs: scaffold, matri*, scaffold/matri*, attach*, region?, element?, site?, sequence?, DNA, 
domain?, SAR, SARs, MAR, MARs, S/MAR, S/MARs, A-element?. 
• Insulators: insulat*, insulator, insulating, barrier, boundary, regulatory, chromatin, 
chromosomal, position, effect?, variegation, enhancer-blocking, cis-acting, silencing, 
expression, element?, gene?, transgene?, vector?, regions?, site?, sequence?, element?, DNA, 
domain?, SEQ, nucleic acid?, locus, nucleotide?, polynucleotide?, flank*, globin, globulin. 
• UCOEs: chromatin*, open*, element?, region?, sequence?, structure?, site?, DNA, domain?, 
UCOE, not methylated, methylat* free, unmethyl*, CPG island?. 
• STARs: stabiliz*, anti, repress*, anti-repress*, region?, element?, site?, sequence?, DNA, 
domain?, activity, chromatin, STAR. 
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Supplementary Data 2: Changes in the number of patent filings for the chromatin control 
technologies 
The number of patent filings reflects contemporary technological developments and levels of 
innovation. Figure S2 illustrates the number of patent applications involving the five major CCE 
technologies: LCRs, insulators, MARs, UCOEs and STARs. For the period 1987-2008, our 
analysis of the claims in the 320 patent families reveal that 89 of them cite the use of LCRs, 127 
that of MARs, 28 of UCOEs, 20 of STARs and 133 of insulators. The number of patent 
applications submitted (black line) has followed a pattern involving 3 distinct phases that began in 
1987 with the patenting of dominant activator sequences, also known as LCRs (WO8901517). The 
1987-1997 period was a pioneering phase, during which the founding patent families mostly 
covered CCEs of the LCR type, but also some MARs (US5731178 in 1990) and insulators, such as 
cHS4 (WO9423046 in 1993). The 1998-2003 period corresponded to a phase of development in 
which some of these technologies began to mature, with a steady growth in patent filings between 
1998 and the pivotal year of 2001, during which 38 patent applications were filed. This period of 
growth corresponds to a shift in the patent applications filed on CCEs. Relative to the total number 
of patent families, filings concerning LCR technology tended to decrease or at least remain stable, 
whereas filings about development activities involving MARs and insulators increased in 
importance. The years 1998 and 2001 saw the emergence of two new expression-improving 
elements, the natural (WO0005393 in 1998) and artificial UCOEs (WO0224930 in 2000) 
respectively, and the STARs (WO03106684 in 2001). After a plateau in 2002 and 2003, 2004 saw a 
downturn in the filing rate which marked the beginning of a phase (2004-2008) during which the 
total number of patent applications fell. The patent filings for MARs and insulator technologies 
were still dominant, compared to UCOEs, STARs and LCRs. In the case of LCRs, this may be 
explained by the fact that these had been the first elements to be exploited 20 years earlier. As a 
consequence, their potential had already been explored, and the prospects for innovation were 
probably limited with regard to the current state of the art biopharmaceutical production. However, 
in spite of the decreased number of filings, it is noteworthy that some new elements have been 
protected recently, such as the 5’UTR region of the ZAM retrotransposon of D. melanogaster 
(EP1887083 in 2006) or the D4Z4 element (WO2009016206 in 2007). From the beginning of the 
2000’s, and particularly during the third phase (2004-2008), patent applications have covered the 
use of one to five elements. For example, they deal with expression cassettes comprising either an 
LCR, a MAR, an insulator or a UCOE for producing recombinant proteins in animal cells, such as 
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avian stem cell lineages (e.g. WO2008142124). On the basis of these findings, CCEs seem to have 
reached a first technically mature stage, with most of them being protected and already widely used 
in various eukaryotic systems. 
 
 
Figure S2 Breakdown of patent families claiming at least one of the following technologies: LCRs, 
insulators, MARs, UCOEs and STARs. Patent filings covering the five technologies for improving gene 
expression are shown for the period 1987-2008. The black line represents the 320 patent families. 
2001 emerges as a pivotal year for these technologies. LCRs (blue, 89 patent families) were mainly 
developed from the end of the 1980s to the early 1990s, MARs (green, 127) and insulators (red, 133) 
from the end of the 1990s to the early 2000s, and UCOEs (yellow, 28) and STARs (purple, 20) during 
the 2000s. It should be noted that the same patent application can cover several CCEs, and so may 
appear several times. 
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Supplementary Data 3: Main applicants submitting pioneering patents and patents of final 
use 
During the period 1987-2008, a total of 180 distinct applicants filed 320 patent families concerning 
CCEs. An analysis of the claims of each patent family reveals that they can be divided into two 
groups. The first included a collection of 185 patent families covering the nucleic sequences of the 
CCEs, their mode of use and/or their engineering. This group obviously comprises all the pioneering 
patent documents. For example, international patent application WO9727207 describes the features 
of a plant nuclear MAR that increases the expression of foreign genes in cells, but also includes a 
way to use it efficiently in DNA constructs and vectors. Similarly, international patent application 
WO2004054512 concerns engineering an LCR so as to adapt it for use in an optimized retroviral 
vector for erythroid-specific expression and the treatment of hemoglobinopathy. The second group 
consists of applicants who filed 135 patent families and used CCEs previously developed by the 
pioneering applicants as it can be seen in claims, and so the corresponding pioneer key patents have 
to be licensed before they can be exploited. 
The main applicants in this technological field can be identified by comparing the size of their 
patent portfolios. It should be noted that a company’s portfolio includes portfolios belonging to 
companies it has subsequently acquired (for example the acquisition of Chromagenics by Crucell). 
Some of the pioneering applicants have developed a strong patent portfolio centered on their CCEs. 
Twenty-six of the 105 pioneer applicants have filed at least 3 patent families protecting their 
elements (Fig. S3a). These pioneers consist of 17 companies and 9 public-sector laboratories. The 
top two industrial applicants are Crucell and Millipore, which have a clear leadership over other 
companies, and each has a portfolio of 15 patent families. US government agencies and the MRC 
London are joint first place for the number of patents filed by an academic body, with 12 and 10 
patent families respectively. Of the applicants in the second group, 99 have owned 135 patent 
families, and 34 have filed at least 2 patent families (Fig. S3b). This group consist of 22 industrial 
companies, with Shire having the largest portfolio (6 patent families), and 12 institutional bodies, 
US government agencies being the top public applicant (5 patent families). In both groups, it should 
be pointed out that some private applicants, such as Novartis or Synageva Biopharma, have 
developed a strong patent portfolio including both pioneering patents and patents of final use (Fig. 
S3a and b). In conclusion, these data confirm that Crucell and Millipore are the dominant players in 
the CCE market. 





Figure S3 a Ranking of applicants who have filed at least 3 patent families covering engineering and 
CCEs for the period 1987-2008 (industrial applicants are shown in red and institutional applicants in 
blue). b Ranking of applicants that have filed at least 2 patent families covering uses of CCEs for the 
period 1987-2008. Affiliates have been included with their parent company in both graphs. 
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Supplementary Data 4: Geographic protection of research and patenting activities and 
protection strategies for each type of chromatin control element 
Applicants file patent applications in the countries they consider to be strategic for protecting their 
novel CCEs. Priority patents usually depend on the geographic location of the applicant (e.g. NIH 
in USA, University of Hiroshima in Japan). The breakdown of country origins indicates that the 
USA is indisputably the country where the most priority patents have been filed in this domain 
(Fig. S4a, 51.3%). This is mostly due to US leadership in bioproduction and gene therapy, 
supported by the critical role played by US universities and US-based multinational biotech 
companies. The UK and European procedures are respectively in second and third positions for the 
number of priority patent filings (13.8% and 11.3%). The countries designated for granting 
protection provides some insight into the expanding geographic protection of research and patenting 
activities for these genetic elements (Fig. S4b). The extension of priority filings indicates the 
existence of a potential market, of the applicants’ production sites and/or of competitors. Most 
extensions are filed in Asia (172), Europe (130), Canada (109) and USA (83). 
S4a. 
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S4b. 
 
Figure S4 a Breakdown of the priority filings claiming at least one of the following technologies: 
LCRs, insulators, MARs, UCOEs and STARs. Priority patents correspond to the first patent 
applications in the patent family, before extension of the protection. Priority countries are identified 
from the priority number of the initial filing in each patent family. b Extensions of priority patents 
over the entire period. The graph shows the countries where the priority patents have been extended. 
WO corresponds to PCT (Patent Cooperation Treaty) applications and EP corresponds to European 
applications. The number of extensions in Australia must be understood in the light of the policy of the 
Australian Patent Office, which automatically issues an Australian patent number if the PCT mentions 
Australia, even if no extension has been filed in Australia during the national phase. 
 
To compare the protection strategies used by the main pioneering applicants in the different parts 
of the world, we looked at the countries to which protection has been extended for each patent. This 
allows us to identify the countries where the main pioneering applicants have protected their 
insulation systems. In the current climate of international competition, the number of times a 
country occurs within patent protections reveals its interest to applicants as a potential market, or 
the presence of competitors and potential infringers. As a result, this scrutiny also identifies where 
systems can be freely exploited, without having to negotiate commercial licenses with the owners. 
Figure S4c summarizes the protection strategies for each type of CCE, which have been designated 
by the applicants in the USA, Europe, and Asia and in other areas. Protection strategies also depend 
on the status of the applicant. Industrial companies (e.g. Crucell, Millipore and Novartis) generally 
extend their patents more widely than public-sector institutions. US government agencies and 
universities have filed most of their patent applications in the USA (data not shown). Most 
pioneering applicants, especially companies, prefer to establish extensive protection of their 
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elements in numerous countries, including the USA and countries in Europe and Asia. For example, 
the pioneering patent families of WO03106684 for STARs, WO02074969 for MARs, and 
WO0005393 for UCOEs have been expanded in numerous countries by Crucell, Selexis and 
Millipore. Extending protection is a way to establish a monopoly over exploiting technologies. To 
be able to exploit CCEs in an R&D plan, it is necessary to negotiate an agreement for non-exclusive 




Figure S4 c Protection strategies for each CCE type: LCRs, insulators, MARs, UCOEs and STARs. 
The number inside the colored balls corresponds to the number of patent families. CA, Canada; CN, 
China; EP, Europe; IN, India; JP, Japan; KR, Republic of Korea; TW, Taiwan and US, USA. 
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Supplementary Data 5: Which strategies suit new entrants? 
At least three solutions can be envisaged. The first involves the granting of licenses by the 
technology leaders. This option has been chosen by some companies, such as Vivalis, which have 
chosen to exploit several CCEs selected among existing LCRs, MARs, insulators or UCOEs 
(WO2008142124). Other similar examples of licenses granted by Crucell, Millipore and Selexis are 
those allocated to Bayer Healthcare, Novartis and Neogenix respectively for the manufacture of 
biopharmaceuticals, and more specifically monoclonal antibodies. 
The second solution has been adopted by other applicants that own patents of final use 
(Roche - WO2007021353; Boehringer Ingelheim - WO2008012142; Abbott - WO2008121324). 
These companies have an interest in obtaining know-how from pioneering inventors. This can be 
detected in the patent information in the case of Gerald Hall who discovered MARs, and first filed 
patents on MARs in the name of the North Carolina State University (WO9407902 and 
WO9727207), and then in the name of Mycogen plant sciences (owned by Dow Agrosciences; 
WO9844139 and WO0006757). Another example is that of Philippe Chatellard and Markus Imhof, 
who are cited as inventors in the WO02074969 international patent application in the name of the 
University of Lausanne, before appearing in the WO2004081167 and WO2005040384 patent 
families that were filed by Applied Research Systems (owned by Merck KGa). 
The third solution is to use CCEs that are IP-free. This can be envisaged in cases where i) 
certain CCEs have been the subject of communications, and are therefore not patentable, ii) a patent 
was never granted or iii) the application was abandoned, iv) the patent is more than 20-years old 
and has fallen into the public domain. For example, the first patent families on β-globin LCRs had 
priority years in the late 1980s (e.g. WO8901517, WO9010077 and WO9211380). At present they 
have fallen into the public domain or will soon do so, thus allowing third parties IP-free exploitation 
for business purposes. Such a situation is encountered with one of the most widely studied and 
widely used insulators in the scientific literature, the cHS4 insulator that is disclosed in the patent 
family of US5610053 (WO9423046 family). Surprisingly, our investigations indicate that patent 
US5610053 has been granted for the USA, but that no patent extension has been granted for 
Europe, Canada or Asia. Unlike other promising insulator systems that have led to the emergence of 
insulation-technology based companies from public research labs (Chromagenics for STARs, Cobra 
Therapeutics for UCOEs, Selexis for MARs Therexsys for LCRs), no spin-off directly exploiting 
the cHS4 insulator has emerged. Nevertheless, the public Canadian-based company Chromos 
Molecular Systems has developed and commercialized an Artificial Chromosome Expression (ACE) 
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system containing cHS4 insulators to enhance gene expression1,2. Similarly, the use of a cHS4 
insulator is cited in a few patents that propose to use it for bioproduction purposes (e.g. 
WO0119846 in the name of GTC Biotherapeutics). 
 
1. Lindenbaum, M. et al. Nucleic Acids Res. 32(21), e172 (2004). 
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Bioproduction et Propriété Industrielle 
 
BIOPRODUCTION ET PROPRIETE INDUSTRIELLE 
 
LE ROLE DES BREVETS 
DANS LA PROTECTION DES BIOMEDICAMENTS 
ET DE LEURS SYSTEMES DE PRODUCTION 
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UMR 6239 CNRS et 
Université FR37 
UMR 6239 CNRS et 
Université FR37 Ingénieur Brevet – LFB 
 
 
1. DU MEDICAMENT AU BIOMEDICAMENT : EVOLUTION DU PAYSAGE DES PRODUITS 
THERAPEUTIQUES ET IMPORTANCE DES BREVETS 
 
1.1. Impact des Biotechnologies sur le marché des produits thérapeutiques 
 
Le marché des produits thérapeutiques est en plein bouleversement et ce depuis une 
quinzaine d’années. Cette situation est en partie due à l’expiration de nombreux brevets 
protégeant principalement des médicaments issus de l’industrie chimique. A l’expiration 
d’un brevet, celui-ci « tombe » dans le domaine public, permettant ainsi les copies aussi 
appelées génériques. Un générique est une copie conforme d’un médicament princeps, 
comportant le même principe actif et ayant le même effet thérapeutique. 
La molécule princeps est protégée très en amont de son exploitation commerciale. En 
effet celle-ci intervient généralement 10 à 12 ans après le dépôt de la demande de 
brevet principale. Les essais cliniques ont lieu entre 5 et 10 ans après le dépôt de cette 
même demande de brevet (Figure 1). L’expiration des brevets et l’arrivée des génériques 
font partie intégrante de ce bouleversement du marché pharmaceutique.  
 
Cette évolution majeure concerne tous les acteurs liés de près ou de loin aux 
médicaments : les patients et associations de défense de malades, les médecins ainsi 
que tous les intervenants de la chaîne du médicament, de la R&D à la mise sur le 
marché de ces médicaments, en passant par les instances nationales et européenne qui 
gèrent les dépenses de santé. En effet, beaucoup de gouvernements comptent sur les 
génériques pour réduire les coûts de fonctionnement des systèmes de santé. Par 
conséquent, ils favorisent leur développement et leur mise en vente à des prix inférieurs 
à leurs équivalents princeps. 
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Figure 1 : Schéma de développement d’une molécule thérapeutique, du dépôt de 
brevet à son exploitation commerciale (Source: Fédération Européenne des Associations 
et Industries Pharmaceutiques 2008). 
 
 
Les grandes entreprises pharmaceutiques, également appelées « Big Pharmas », 
subissent quant à elles de plein fouet le développement des génériques, particulièrement 
lorsque le produit princeps correspondant est un blockbuster. Un blockbuster est une 
molécule dont l’exploitation génère un chiffre d’affaire de plus de 1 milliard de $US 
(plus de 660 millions €) par an. L’expiration des brevets relatifs à ces blockbusters et la 
commercialisation des génériques correspondants impactent fortement le chiffre 
d’affaire global des sociétés pharmaceutiques. Pour exemple, le médicament Singulair® 
de Merck (traitement de l’asthme) va tomber dans le domaine public en 2012. Ce 
médicament génère actuellement plus de 4,5 milliards de vente. C’est également le cas 
de l’anticholestérol vedette Lipitor® de Pfizer, qui représente à lui seul 12 milliards de 
vente, et dont le brevet expire en 2011. L’arrivée de génériques engendrera 
nécessairement une perte de chiffre d’affaire pour le produit princeps. 
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L’innovation est de plus en plus difficile dans le domaine des médicaments, et ceci 
pousse les sociétés pharmaceutiques à s’adapter à cette évolution majeure de leur 
environnement, en redéfinissant leurs stratégies R&D et commerciale. A ce jour, 
plusieurs options peuvent être envisagées. Certaines sociétés ont opté pour produire et 
commercialiser des génériques de leurs molécules princeps. Ainsi, Sanofi-Aventis devrait 
commercialiser sa propre version générique de l’un des médicaments les plus vendus au 
monde : le Plavix® (antithrombotique avec plus de 2,5 milliards d’euros de ventes dans 
le monde en 2008). De son côté, Novartis réalise des acquisitions d’achats de sociétés 
spécialisées dans les génériques (Azupharma, Lek). La firme Lilly a de son côté poursuivi 
en justice pour contrefaçon des fabricants de génériques pour son antidépresseur 
Prozac®, exemple d’une lutte à l’issue juridique incertaine. D’autres entreprises 
pharmaceutiques vont se rapprocher et fusionner afin de posséder un portefeuille de 
molécules en développement plus conséquent. C’est l’opération choisie par Pfizer et 
Wyeth (opération de 46,8 milliards US$), ou de Merck et Schering-Plough (pour un coût 
de 41 milliards US$). 
Enfin, d’autres encore vont se tourner vers les molécules innovantes issues du passage 
des technologies de l’industrie de la chimie à celles de l’industrie des Biotechnologies 
(appartenant alors aux « Biotechnologies rouges »). Cela peut se faire par l’acquisition 
de molécules innovantes par des accords de licensing-in, c'est-à-dire l’acquisition de 
produits à différents stades de développement (préclinique ou clinique, via des contrats 
de licence ou de cession des droits). Ceci peut aussi se faire par le biais de rachats de 
sociétés de biotechnologies de taille plus ou moins importante. C’est l’option choisie 
par Roche qui a récemment racheté pour 46,8 milliards US$, Genentech, l’une des plus 
grandes entreprises de Biotechnologies au monde, et de Merck qui a annoncé son 
souhait d’acquérir GlycoFi pour 400 millions de US$. 
 
Ces sociétés biopharmaceutiques vont donc y puiser de nouvelles sources d’innovation 
thérapeutique, et se positionner sur des marchés émergents à forte croissance : celui des 
biomédicaments. Le développement de ces derniers va profiter pleinement des progrès 
scientifiques et des évolutions technologiques issus des biotechnologies, comme par 
exemple l’ingénierie génétique, les criblages à haut débit, les analyses bioinformatiques 
et les séquençages de génomes (dont le projet international Human Genome 
Organisation, communément appelé HUGO). Cependant, les Biotechnologies sont un 
des secteurs où la recherche est la plus intensive, et la R&D exige des investissements 
financiers considérables. La protection des résultats qui en sont issus revêt donc une 
importance capitale pour leurs développements industriels. Le brevet est donc, là 
encore, un élément essentiel, encore plus que pour les molécules chimiques 
thérapeutiques, pour la valorisation des biomédicaments. 
 
1.2. Protection par brevet : généralités et cas des biomédicaments 
 
1.2.1. Définition 
Un brevet d’invention est un titre de Propriété Industrielle qui offre à son titulaire la 
possibilité d’interdire à tout tiers l’exploitation d’une invention couverte par un brevet. 
Ce droit d’interdire revient à accorder au titulaire un monopole d’exploitation de son 
invention. Ce droit est limité dans le temps - 20 ans à compter de la date de dépôt de 
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la demande de brevet – et dans l’espace – car il est limité au(x) territoires(s) dans 
le(s)quel(s) la protection a été demandée, puis accordée. 
 
Un brevet se présente en trois parties : une première partie qui comprend toutes les 
informations bibliographiques (noms des déposants et inventeurs, date de dépôt, etc.). 
Une deuxième partie appelée « description » qui comme son nom l’indique, décrit les 
caractéristiques de l’invention, les moyens d’y parvenir, et est accompagnée le cas 
échéant de figures (plasmides, etc.), de tableaux. Enfin, la troisième partie, appelée « 
revendications », définit la nature de la protection juridique souhaitée par le demandeur. 
 
1.2.2. La procédure brevet 
Des étapes clés jalonnent la vie du brevet : dépôt, extension, publication, examen, 
délivrance. La vie d’un brevet débute à la date de dépôt de la demande de brevet (la 
terminologie « demande de brevet » est à ne pas confondre avec « brevet » car dans le 
premier cas, il s’agit de la protection qui a été demandée et dans le second de la 
protection qui a été accordée). 
Cette date de dépôt génère un droit dit « droit de priorité » qui permet pendant une 
durée maximum de 12 mois de demander une protection pour la même invention, dans 
d’autres pays que celui où la première demande a été déposée. Cette demande de 
protection supplémentaire est appelée « extension de la protection à l’étranger ». Si le 
demandeur ne souhaite pas bénéficier de son droit de priorité, l’étape d’extension de la 
protection à l’étranger n’a pas lieu (Figure 2).  
Dans les deux cas, l’étape suivante est la publication, qui a lieu 18 mois après le dépôt 
de la demande de brevet. La publication rend accessible aux tiers les informations 
contenues dans la demande de brevet, informations techniques relatives à l’invention 
elle-même, détaillées dans la description, informations administratives (le demandeur, 
les inventeurs, la date de dépôt par exemple) et de ce fait parfois des informations sur la 
stratégie de développement d’une entreprise. Les demandes de brevet et brevets sont 
donc une source essentielle d’informations.  
 
La demande de brevet entre ensuite dans un processus dit « d’examen » au cours duquel 
l’office de brevets du pays considéré détermine si la demande de brevet répond aux 
exigences de la loi en matière de brevets. Notamment, l’office de brevet détermine si la 
demande de brevet répond à des critères dits « de brevetabilité », à savoir : la 
nouveauté, l’activité inventive et l’application industrielle. A l’issue de cette période 
d’examen, le brevet est accordé (si tous les critères sont remplis) ou la demande de 
brevet est rejetée (si ce n’est pas le cas). Si le brevet est accordé, il expirera 20 ans 
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Figure 2 : Étapes majeures de la vie d’un brevet. 
 
Si le demandeur a choisi de bénéficier de son droit de priorité, cela signifie qu’il a 
demandé (dans un délai de 12 mois suivant le dépôt d’une première demande), 
l’extension de la protection dans des pays supplémentaires. Classiquement, cette 
demande d’extension est réalisée par un système centralisé international appelé système 
du PCT (Patent Community Treaty). Ce système permet de demander la protection dans 
plus de 140 pays en n’effectuant qu’un seul dépôt d’une demande dite «internationale». 
L’étape de publication de la première demande a lieu de la même manière 18 mois 
après le dépôt. Dans ce cas de figure, deux publications ont lieu dans le même temps, 
celle de la première demande et celle de la demande internationale.  
Lorsqu’une extension par voie internationale a été demandée, le demandeur doit 
désigner les pays où il souhaite obtenir une protection parmi les pays adhérents au 
système PCT dans les 30 mois à compter du dépôt de la première demande de brevet. 
Cette étape est appelée «entrée en phases nationales». A l’issue de ce choix, la 
demande de brevet sera examinée dans chacun des pays désignés, par l’office de brevet 
correspondant. Chacun de ces pays statuera sur la délivrance ou non du brevet. Il est à 
noter qu’il n’existe pas de brevet international (une demande unique ne permet pas 
d’obtenir un titre unique), seule la demande est internationale, mais elle aboutit en 
autant de brevets que de pays choisis. L’expiration des brevets interviendra 20 ans après 
la date de dépôt de la demande internationale soit 21 ans après le dépôt de la 
première demande. 
 
1.2.3. Le Certificat Complémentaire de Protection (CCP) 
Pour les médicaments et les produits phytopharmaceutiques, il existe un titre de 
Propriété Industrielle supplémentaire : le Certificat Complémentaire de Protection (CCP). 
Il est organisé par le droit des brevets mais fait intervenir des aspects règlementaires liés 
aux médicaments, car il ne peut être obtenu que si une Autorisation de Mise sur le 
Marché (AMM) a été accordée avant l’expiration du brevet. Le CCP permet au titulaire 
d’un brevet disposant d’une AMM pour le produit couvert par le brevet, de prolonger la 
durée de protection du produit en question. Cette disposition a été mise en place dans 
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de nombreux pays et vise à compenser l’impossibilité d’exploiter une invention de 
médicaments durant les phases préalables parfois longues d’essais cliniques. Il est 
important de souligner qu’un produit peut être couvert par un brevet délivré et ne pas 
obtenir d’AMM et à l’inverse, un produit ayant reçu une AMM peut ne pas être couvert 
par un brevet (les systèmes règlementaires et d’examen des brevets sont indépendants). 
Le CCP prolonge la durée de protection d’un brevet d’un maximum de 5 ans et son 
obtention ne peut pas générer une protection supérieure à 15 ans à compter de 
l’obtention de l’AMM en Europe (14 ans aux États-Unis). 
 
1.2.4. Les conditions de brevetabilité  
En matière de brevet, le biomédicament ne se distingue pas du médicament ou de toute 
autre invention. En effet, pour être protégeable par un brevet, le biomédicament doit 
être nouveau, impliquer une activité inventive et être susceptible d’application 
industrielle. Ces trois critères constituent le fondement de la brevetabilité d’une 
invention. En d’autres termes, pour pouvoir être protégeable par un brevet, un 
biomédicament : 
- ne doit pas faire partie de l’état de la technique (concept de nouveauté), c'est-à-dire 
qu’il ne doit pas avoir fait l’objet d’une publication, d’une demande de brevet, 
d’une communication orale, d’un devis, d’une soumission de dossier d’AMM ou de 
tout autre type de divulgation, avant la date de dépôt de la demande de brevet. 
- ne doit pas découler de manière évidente de ce qui est déjà connu (concept 
d’activité inventive). C'est-à-dire qu’à la lecture de ce qui est déjà connu, un 
homme normalement qualifié dans le domaine technique (appelé « homme du 
métier » en droit des brevets) ne doit pas pouvoir parvenir à l’invention.  
- doit être susceptible d’application industrielle, c'est-à-dire être fabriqué ou utilisé 
dans l’industrie. 
Il en va de même pour un procédé d’obtention ou un système de production d’un 
biomédicament que l’on souhaiterait protéger, ou encore d’une utilisation de ce 
biomédicament dans une indication donnée. 
 
1.2.5. La Directive 98/44/CE relative à la brevetabilité du vivant 
Il est difficile de s’intéresser aux biomédicaments sans évoquer la brevetabilité du vivant. 
Au niveau européen, la Directive 98/44/CE du 6 juillet 1998 tente de poser les grands 
principes de la brevetabilité dans le domaine du vivant et d’harmoniser les législations 
nationales. Pour produire ses effets, dans les droits nationaux, la Directive 98/44/CE a 
dû être transposée dans chacun des états membres. Elle a été transposée en France en 
2004, en conséquence de quoi, le code de la propriété intellectuelle a été modifié. 
 
Dans cette directive, le premier point à souligner (article 3) est le fait que la matière 
biologique est brevetable à condition que : 
- l’invention respecte les trois principes fondateurs de la brevetabilité et, 
- que cette matière biologique ait été produite à l’aide d’un procédé technique même 
si elle préexistait dans la nature. 
  Les inventions qui découlent de matière biologique ne sont donc pas exclues de la 
brevetabilité. 
 
La directive définit ce qu’est la « matière biologique » comme une matière contenant des 
informations génétiques et qui est autoreproductible ou reproductible dans un système 
biologique.  
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Cette même directive statue par ailleurs (article 5) sur la non-brevetabilité du corps 
humain et de ses éléments. Elle précise que « le corps humain aux différents stades de 
sa constitution et de son développement, ainsi que la simple découverte d’un de ses 
éléments, y compris la séquence ou la séquence partielle d’un gène ne sont pas 
brevetables » 
  En effet, ceci constituerait une « simple découverte », et les découvertes font parties 
des éléments exclus de la brevetabilité. (article L. 611-10 du Code de la Propriété 
Intellectuelle). 
 
Elle définit aussi les éléments exclus du champ de la brevetabilité dans le domaine du 
vivant, à savoir : 
- les procédés de clonage des êtres humains, 
- les procédés de modification de l’identité génétique germinale de l’être humain 
- l’utilisation d’embryons humains à des fins industrielles ou commerciales, 
- les procédés de modification de l’identité génétique des animaux de nature à 
provoquer chez eux des souffrances sans utilité médicale substantielle pour l’homme 
ou l’animal. 
 
Cependant, la Directive 98/44/CE stipule aussi qu’« un élément isolé du corps humain 
ou autrement produit par un procédé technique, y compris la séquence ou la séquence 
partielle d’un gène, peut constituer un élément brevetable même si sa structure est 
identique à celle de l’élément naturel ».  
  Cela signifie que le fait d’isoler une protéine ou un gène par la mise en œuvre d’un 
procédé technique peut constituer une invention brevetable si cette invention répond aux 
critères de brevetabilité.  
 
Elle précise aussi que « l’application industrielle d’une séquence ou d’une séquence 
partielle d’un gène doit être concrètement exposée dans la demande de brevet ».  
Il faut donc que l’application d’une séquence soit définie pour qu’une séquence soit 
brevetable. La fonction d’une telle séquence n’est pas nécessairement décryptée, mais 
son utilisation doit être décrite. La directive a introduit ici une limitation en ce qui 
concerne la brevetabilité des séquences. Du séquençage permettant de mettre en 
évidence des gènes ne pourraient pas donner lieu à un brevet si une application n’est 
pas associée à chaque séquence. 
 
Enfin, il est important de souligner qu’en droit français seule l’utilisation d’une séquence 
ou d’une séquence partielle d’un gène est brevetable. En conséquence la portée d’une 
revendication couvrant une séquence ou une séquence partielle d’un gène est limitée à 
la partie de cette séquence directement liée à la fonction spécifique concrètement 
exposée dans la description.  
 
Á l’exception des exclusions ci-dessus, il ressort de cette directive, que tout médicament 
dérivé ou constitué de matière biologique (biomédicament) peut être brevetable si sa 
mise en évidence fait intervenir un procédé technique et si dans le cas d’une séquence, 
l’application de celle-ci est concrètement définie. Les biomédicaments doivent 
également répondre aux autres critères de brevetabilité, au même titre que toute 
invention. 
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1.2.6. Les différents types de brevet 
Plusieurs types de brevets sont envisageables (brevet de produit, de procédé ou 
d’utilisation). La protection la plus large est donnée par un brevet de produit qui interdit 
à tout tiers d’exploiter le produit en question, quelque soit le procédé utilisé pour sa 
production ou l’utilisation qui en est faite. Un brevet de procédé (de purification d’une 
protéine par exemple) empêche un tiers de produire la protéine en question en 
reproduisant le procédé protégé, mais il n’empêche pas le tiers de produire ladite 
protéine par un autre procédé (de purification pour l’exemple précédent). Le brevet 
d’utilisation a une portée moins large que les deux types précédents, en ce sens qu’il 
interdit aux tiers d’utiliser un biomédicament donné dans une indication thérapeutique 
donnée mais n’empêche pas l’utilisation dudit biomédicament en tant que tel dans 
d’autres indications. Il est important de souligner qu’un même brevet peut contenir des 
revendications de produits, des revendications de procédé permettant l’obtention du 
produit et des revendications d’utilisation de ce produit. Mais ces différents types de 
protection peuvent aussi être présents dans des brevets différents et même détenus par 
des entités différentes.  
 
 
2. LES BIOMEDICAMENTS BREVETABLES : EXEMPLIFICATION 
 
Pour rappel, un biomédicament est constitué de toute substance utilisée ou utilisable en 
thérapie issue de matière biologique (extraction) ou produite par un procédé de 
biotechnologies. Les biomédicaments sont soumis à une classification, qui comprend 
quatre grands groupes :  
- les peptides et protéines 
- les vaccins et anticorps 
- les acides nucléiques  
- la thérapie génique et cellulaire.  
Les quatre grands groupes de biomédicaments peuvent se scinder en deux vis-à-vis de 
leur production. Les peptides et protéines, vaccins et anticorps, acides nucléiques vont 
être facilement industrialisables, à l’inverse des produits issus des thérapies génique et 
cellulaire, dont les technologies nécessitent d’être optimisées et validées. 
Par ailleurs, il est important de distinguer dans la production de médicaments issus des 
biotechnologies : 
- le biomédicament lui-même, 
- les technologies mises en œuvre pour produire ce biomédicament. 
 
Les deux prochaines parties du chapitre ont pour objectif de donner quelques exemples 
de revendications de brevets portants sur les biomédicaments eux-mêmes et sur leurs 
systèmes de production. Les brevets et demandes de brevets peuvent être consultés sur 
la base de données de l’Office Européen des Brevets. 
(http://ep.espacenet.com/advancedSearch?locale=fr_EP). 
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2.1. Les peptides et protéines 
 
Les peptides et les protéines sont subdivisés en fonction de leurs natures : les hormones, 
les facteurs de croissance, les facteurs plasmatiques, les cytokines ou encore les 
protéines de fusion. 
 
2.1.1. Les hormones 
Ce groupe met en évidence la distinction à faire entre les protéines naturelles extraites 
de la matière biologique et les protéines dites recombinantes (éléments composés de 
matière biologique) produites par des moyens biotechnologiques.  
 
Parmi les hormones, l’exemple de l’insuline est particulièrement intéressant. 
Historiquement, l’insuline était extraite de matière biologique, à savoir de pancréas de 
bœuf ou de porc. Des procédés de purification de l’insuline ont donc fait l’objet de 
demandes de brevet. Pour exemple, un brevet de 1971 déposé par la société Eli Lilly 
(FR 2 045 435) revendique : 
Procédé pour purifier l'insuline d'un extrait pancréatique aqueux contenant de 
l'insuline ou d'une autre solution aqueuse contenant de l'insuline, qui est 
caractérisé par le fait qu'on ajuste l'alcalinité de la solution contenant l'insuline 
à un pH d'environ 7,2 à environ 10, 0 et la concentration en cation métal 
alcalin ou ammonium S à une valeur d'environ 0,2 à environ 1,0 M du même 
cation, provoquant ainsi la cristallisation de l'insuline du métal alcalin ou 
d'ammonium. 
 
Les technologies évoluant, la source d’insuline, passe d’un produit naturel extrait à un 
produit synthétique. Pour preuve, le brevet FR 2 047 763 au nom de Hoechst AG, vise 
à protéger un procédé de préparation de peptides argininiques (comme l’insuline) au 
moyen de synthèse chimique. 
 
Dès la fin des années 80, apparaissent les premiers brevets visant à protéger la 
production d’insuline recombinante, et notamment dans des bactéries. Le brevet FR 
2 422 717 au nom de Genentech revendique par exemple : 
Plasmide recombinant amélioré permettant la transformation d'un hôte bactérien 
et son utilisation comme vecteur de clonage, caractérisé en ce que le plasmide 
comprend: (a) un régulon homologue à l'hôte bactérien dans son état non 
transformé; et (b) en phase de lecture avec le régulon, un ADN inséré codant la 
séquence d'amino-acides d'un polypeptide hétérologue, de sorte que les bactéries 
transformées par le plasmide peuvent exprimer ladite séquence d'amino-acides 
sous forme récupérable. 
 
Le polypeptide hétérologue pouvant être en autre de la pré-pro insuline humaine, de la 
pro insuline humaine, la chaîne A ou B de l’insuline humaine. 
 
L’insuline passe donc d’un statut de biomédicament extrait d’une matière biologique à 
un statut de biomédicament produit à partir de procédés biotechnologiques. Mais les 
deux formes n’en sont pas moins brevetables, la première (même si l’insuline préexiste à 
l’état naturel) car l’extraction d’insuline à partir de matière biologique met en œuvre un 
procédé technique et la seconde parce qu’elle fait appel à un procédé 
biotechnologique (la production de protéines recombinantes). 
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2.1.2. Les facteurs de croissance 
Dans le groupe des facteurs de croissance, le paysage brevets autour de 
l’érythropoïétine reproduit sensiblement celui de l’insuline. En effet, en premier lieu les 
brevets revendiquent de l’érythropoïétine naturelle extraite de matière biologique, à 
l’image du brevet EP 0 209 539 au nom de Genetics Institute Inc, déposé en 1985 qui 
revendique un procédé pour purifier l'érythropoïétine d'origine naturelle, caractérisée 
par un poids moléculaire défini et une activité spécifique. 
 
Dans un second temps, des brevets revendiquant de l’érythropoïétine recombinante sont 
déposés à l’image du brevet EP 0 902 085 (au nom de Aventis Pharma GMBH) : 
Polypeptide ayant la conformation de structure primaire de l'érythropoïétine, ledit 
polypeptide étant le produit de l'expression eucaryote d'une séquence d'ADN 
exogène utilisant un système d'expression BPV-1. 
 
2.1.3. Les facteurs plasmatiques 
Le biomédicaments constitués de facteurs plasmatiques sont appelés les médicaments 
dérivés du plasma sanguin (MDPS). Ce sont principalement des immunoglobulines 
polyvalentes (IgIV) de l’albumine et des facteurs plasmatiques de la coagulation.  
 
Un facteur plasmatique extrait à partir de plasma sanguin peut être brevetable à 
condition que son isolement résulte de la mise en œuvre d’un procédé technique et ce 
même si cette protéine préexistait dans la nature (plasma humain). Pour exemple, le 
brevet EP 1 718 673 (déposé par le LFB) revendique un procédé de purification de 
l’albumine, des compositions d’albumine et une utilisation pour la stabilisation de 
produits thérapeutiques : 
1. Procédé de purification d'albumine caractérisé en ce qu'il comprend une étape 
consistant à soumettre une solution aqueuse d'albumine, de concentration 15 g/l 
à 80 g/l et de pH non inférieur à 7, à une nanofiltration dans une plage de 
température allant de 15°C à 55°C. 
 
18. Composition d'albumine à usage thérapeutique obtenue par un traitement, 
selon la revendication 14, d'adaptation d'une solution aqueuse d'albumine, selon 
l'une quelconque des revendications 15 à 17, à un usage clinique. 
 
19. Utilisation d'une composition d'albumine à usage thérapeutique selon la 
revendication 18, pour la stabilisation d'au moins un membre choisi dans le 
groupe constitué par les protéines de faible concentration et d'activité spécifique 
élevée, les immunoglobulines spécifiques, les anticorps monoclonaux, les vaccins, 
les allergènes, les cytokines et les hormones peptidiques. 
 
Le procédé mis en œuvre pour isoler une telle protéine est comme indiqué ci-dessus 
également brevetable. 
 
Dans la catégorie des biomédicaments résultant d’une extraction de matière biologique, 
on peut citer par exemple le brevet FR 0 506 440 au nom du LFB qui revendique un 
procédé de séparation des protéines fibrinogènes, facteur XIII et colle biologique mais 
également les concentrés de ces protéines obtenues par le procédé initialement 
revendiqué. 
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Comme pour d’autres types de protéines déjà évoquées, les facteurs plasmatiques 
produits par la mise en œuvre de procédé de biotechnologies sont également protégés 
par des brevets. Ils peuvent être de nature recombinante mais aussi transgénique. 
 
Pour exemple, le facteur VII est une protéine constitutive du sang humain, protéine qui 
peut être un produit naturel issu du plasma ou un produit obtenu par recombinaison ou 
par transgénèse. Le brevet FR 2 904 558 au nom du LFB protège en effet des 
compositions de FVII recombinants ou transgéniques possédant un profil de 
glycosylation particulier : 
Composition de facteur VII recombinant ou transgénique, chaque molécule de 
facteur VII de la composition comportant des formes glycanniques liées aux sites 
de N-glycosylation, caractérisé en ce que, parmi toutes les molécules de facteur 
VII de ladite composition, les formes glycanniques biantennées, bisialylées et non 
fucosylées sont majoritaires par rapport à toutes les formes glycanniques liées aux 
sites de N-glycosylation du facteur VII de la composition. 
 
 2.1.4. Les cytokines 
Parmi le groupe des cytokines, les interférons et les TNF (Tumor Necrosis Factors) ont 
fait l’objet de nombreux brevets. On peut citer comme exemple le brevet US 7 615 615 
au nom de Merck qui revendique : 
A modified human interferon beta (INFβ) which is less immunogenic than human 
INFβ (SEQ ID NO: 1) when administered in vivo to a human; wherein the 
modified human INFβ comprises an amino acid residue sequence that differs 
from SEQ ID NO: 1 by an amino acid residue substitution selected from the 
group consisting of L57A, L57C, L57D L57E, L57G, L57H, L57K, L57N, L57P, 
L57Q, L57R, L57S, and L57T and an additional substitution selected from the 
group consisting of the H140A, H140C, H140G, and H140P. 
 
Ou encore, le brevet EP 0 536 520 au nom de Yeda qui revendique : 
Utilisation d'interféron-β2A humain pour préparer un médicament pour le 
traitement de maladies dans les domaines d'inflammation et/ou de réponse 
phase. 
 
Le premier exemple illustre la protection d’un INFβ (matière biologique produite par un 
procédé biotechnologique) dont la séquence en acides aminés a été modifiée pour 
diminuer son immunogénicité. Le second exemple illustre la protection d’une indication, 
à savoir, l’utilisation de l’ IFNβ humain dans le traitement des maladies inflammatoires.  
 
 2.1.5. Les protéines de fusion 
Comme toute protéine, une protéine de fusion est également brevetable. Pour exemple, 
le brevet EP 0 227 938 au nom de Hoechst revendique : 
Protéine de fusion, caractérisée par un segment C-ou N-terminal qui correspond 
essentiellement aux 100 premiers aminoacides de l'interleukine-2, mais ne 
présente pas d'activité d'interleukine-2. 
 
Par ailleurs, toute protéine (ou tout autre élément brevetable) peut être protégée en tant 
que telle ou par son utilisation dans le même brevet ou dans un brevet distinct. 
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Dans l’exemple suivant, le brevet EP 0 489 116 au nom d’Immunex Corp illustre une 
revendication dite de produit (la protéine de fusion) : 
Protéine de fusion ayant une formule choisie dans le groupe formé par R1-R2, 
R2-R1, R1-L-R2 et R2-L-R1 dans lequel R1 représente GM-CSF; R2 représente IL-
3; et L représente une séquence de peptide de liaison. 
 
et une revendication dite d’utilisation : 
Utilisation d'une protéine de fusion selon l'une quelconque des revendications 1 à 
6 en préparant un médicament pour réguler les réponses immunitaires chez un 
être humain. 
 
2.2. Les vaccins et anticorps 
 
2.2.1. Les anticorps 
 A l’image des biomédicaments détaillés dans le groupe peptides/protéines, les 
anticorps peuvent être des biomédicaments extraits de matière biologique ou produits 
par des procédés de biotechnologies. 
 
Le brevet FR 2 899 111 au nom du LFB illustre le cas des anticorps extraits de matière 
biologique en ce qu’il revendique : 
Concentré d'immunoglobulines spécifiques du virus chikungunya en tant que 
médicament. 
 
Ce brevet revendique également le procédé de préparation d’un tel concentré de la 
manière suivante : 
Procédé de préparation d'un concentré selon la revendication 1 ou 2, caractérisé 
par les étapes suivantes : - constitution d'un lot d'au moins 1000 dons de plasma, 
chaque don présentant un titre suffisant en Ig anti chikungunya - précipitation des 
contaminants lipidiques et protéiques en une seule étape - récupération du 
concentré d'Ig dans le surnageant. 
 
Les anticorps peuvent aussi être produits par recombinaison ou par transgénèse. 
Quelque soit leur mode de production, ils peuvent être protégés par différents types de 
revendications. 
Revendication de type 1 : Anticorps dirigé contre l'actine du myocarde, 
caractérisé en ce que l'anticorps ne réagit pas avec l'actine du muscle 
squelettique (EP 0 820 471, au nom de PROGEN BIOTECHNIK GMBH). 
 
Ce type de revendication permet de protéger n’importe quel anticorps dirigé contre 
l’actine du myocarde quelque soit sa séquence, sa nature (naturel, recombinant ou 
transgénique) et quelque soit le procédé utilisé pour le produire, sous réserve qu’il ne 
reconnaisse pas l’actine du muscle squelettique. 
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Revendication de type 2 : Anticorps monoclonal dirigé contre l'antigène CD2O, 
caractérisé en ce que la région variable de chacune de ses chaines légères est 
codée par une séquence possédant au mains 70% d'identité avec la séquence 
d'acide nucléique murine SEQ ID NO: 5, la région variable de chacune de ses 
chaines lourdes est codée par une séquence possédant au mains 70% d'identité 
avec la séquence d'acide nucléique murine SEQ ID NO: 7, et les régions 
constantes de ses chaines légères et de ses chaines lourdes sont des régions 
constantes provenant d'une espèce non-murine (WO 2006 064 121- au nom du 
LFB). 
 
Ce type de revendication permet de protéger plusieurs anticorps anti-CD20 présentant 
tous au moins 70% d’homologie avec une séquence définie codant les chaînes légères 
(séquence n°5) et au moins 70% d’homologie avec une séquence définie codant les 
chaînes lourdes (séquence n°7). La revendication de type 2 a une portée moins large 
que la revendication de type 1 en ce sens qu’elle ne couvre pas n’importe quel 
anticorps anti-CD20. 
 
Revendication de type 3 : Anticorps monoclonal qui est sécrété par la lignée 
cellulaire ayant un numéro de dépôt ATCC PTA-6652 ou PTA-6653 (brevet 
EP 1 745 129 au nom de IDEXX LAB Inc). 
Cette revendication définit un anticorps par un numéro de dépôt à l’ATCC (American 
Type Culture Collection). En conséquence, la protection est octroyée uniquement pour 
l’anticorps produit par cette lignée cellulaire. 
 
Cependant, si un brevet A revendique l’utilisation d’un anticorps de séquence S1, dirigé 
contre une cible A1 et utilisé dans la préparation d’un médicament destiné au traitement 
d’une pathologie P3, il sera difficile pour une société B de défendre l’activité inventive 
d’un brevet B revendiquant l’utilisation d’un anticorps de séquence S2, dirigé contre la 
même cible que l’anticorps de séquence S1 et indiqué dans le traitement de la même 
pathologie P3. 
 
Les anticorps peuvent aussi être définis par leur structure et notamment par leur profil de 
glycosylation. Pour exemple le brevet EP 1 272 527 au nom du LFB revendique :  
Anticorps monoclonal caractérisé en ce qu'il possède sur son site de glycosylation 
(Asn 297) du Fcγ, des structures glycanniques de type biantennées, avec des 
chaînes courtes, une faible sialylation, des mannoses terminaux et/ou des 
GlcNAc terminaux non intercalaires. 
 
Ce type de revendication couvre l’ensemble des anticorps quelle que soit leur cible et 
quel que soit leur mode de production, possédant le profil glycannique spécifié. 
 
Revendication de type 4 : A therapeutic antibody comprising a VH chain having 
the sequence set forth in SEQ ID No:26 and a VL domain having the sequence 
set forth in SEQ ID No:32. (brevet EP 1 996 621 au nom de Glaxo Group LTD). 
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Ce type de revendication limite la protection à un anticorps particulier défini par les 
séquences des chaînes lourdes et légères. La portée de ce type de revendication est la 
même que celle de type 3 où l’anticorps est défini par l’hybridome qui le produit. 
 
2.2.2. Les vaccins 
Dans le domaine des vaccins, les revendications peuvent être rédigées en faisant 
apparaître clairement le mot « vaccin ». Pour exemple, le brevet EP 1 439 856 au nom 
de l’Université de Jefferson revendique : 
Un vaccin antirabique vivant comprenant un génome de virus rabique 
recombinant, dans lequel le génome rabique recombinant comprend au moins 
deux gènes de protéine G. 
 
Une revendication de vaccin peut aussi être formulée à l’aide des termes 
« composé immunogène » ou « composition immunogène ». Pour exemple, le brevet EP 
1 629 004 au nom de Wyeth Corp revendique : 
Composition immunogène comprenant une population de particules du réplicon 
de virus (VRP) de l'encéphalite équine vénézuélienne comprenant des gènes de 
réplicase du virus de l'encéphalite équine vénézuélienne, des protéines de 
réplicase du virus de l'encéphalite équine vénézuélienne, une glycoprotéine E1 du 
virus de l'encéphalite équine vénézuélienne, une glycoprotéine E2 du virus de 
l'encéphalite équine vénézuélienne, un gène de glycoprotéine F du virus 
parainfluenza de type 3 et un gène de glycoprotéine HN du virus parainfluenza 
de type 3. 
 
La terminologie « vaccin » n’apparaît pas dans le texte de cette revendication. La 
terminologie « composé immunogène » la remplace tout en ayant une portée plus large. 
Cet exemple permet de souligner l’importance du choix et du croisement des mots clés 
pour toute recherche de documents dans un domaine donné. 
 
La notion de vaccin est très couramment associée à la prévention d’une pathologie liée 
à un agent pathogène. Or, se développent depuis quelques années, des vaccins 
anticancéreux. Pour exemple, le brevet EP 1 465 658 au nom de Bio Life Science 
Forschungs revendique : 
Médicament contenant une substance agissant comme antigène tumoral en 
association avec une substance à activité d'antiacide gastrique, lesdites 
substances étant destinées, séparément ou ensemble, simultanément ou 
successivement, à une application orale pour effectuer une vaccination contre des 
cancers et/ou des tumeurs, l'antigène en tant que substance active étant un 
mimotope d'antigène avec la séquence d'acides aminés SEQ.IDNO :11: Gln-
Met-Trp-Ala-Pro-Gln-Trp-Gly-Pro-Asp. 
 
Cet exemple permet également de montrer qu’une revendication de vaccin peut être 
formulée sous la forme « médicament…. destiné à une vaccination contre… ». 
 
Enfin, le brevet EP 0 862 634 au nom de Transgène revendique : 
[Composition pharmaceutique destinée au traitement ou à la prévention d'une 
infection ou tumeur à papillomavirus qui comprend … ] 
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La rédaction sous la forme « composition pharmaceutique destinée à la prévention » 
doit être interprétée à l’image du mot « vaccin ». 
 
2.3. Les acides nucléiques 
 
Pour rappel, la directive 98/44/CE précise qu’une séquence ou une séquence partielle 
d’un gène est brevetable à condition que l’application de cette séquence soit 
concrètement exposée dans la demande de brevet (Cf. 1.2.5. La Directive 98/44/CE 
relative à la brevetabilité du vivant). 
 
Pour exemple, le brevet EP 1 543 127 au nom du Alfred Wegener Institute for Polar and 
Marine Research présente une revendication 1 comme suit : 
Séquence nucléotidique codant pour des enzymes protéolytiques sous forme de 
protéases particulières, caractérisée en ce que ladite séquence nucléotidique est 
issue de la diatomée marine psychrotolérante Fragilariopsis cylindrus et code 
pour une protéase calpaïne-7 selon la SEQ ID n° 1. 
 
Dans le même brevet, une autre revendication est la suivante : 
Utilisation de la séquence nucléotidique selon la revendication 3 pour exprimer 
ou surexprimer l'enzyme protéase calpaïne-7 dans des organismes hôtes. 
 
Ce brevet répond clairement à la Directive Européenne 98/44/CE en ce sens qu’il 
revendique une séquence d’acide nucléique et son application, à savoir l’expression ou 
la surexpression de l’enzyme protéase calpaïne 7. 
 
Dans les brevets français, les revendications basées sur des acides nucléiques peuvent 
se présenter sous les formes suivantes : 
Le brevet FR 2 930 152 au nom du CNRS revendique : Composition 
pharmaceutique ou cosmétique comprenant au moins un acide nucléique 
comprenant une séquence capable de s'hybrider spécifiquement avec un gène ou 
un ARNm codant pour une kinésine interagissant avec le complexe adaptateur 
AP-1 et de diminuer ou supprimer l'expression de cette protéine. 
 
Le brevet FR 2 861 596 au nom du CNRS et de l’ENS revendique : Utilisation 
d'un acide nucléique, simple brin ou double brin, comprenant au moins un résidu 
éthénocytosine, dans la préparation d'un médicament destiné au traitement des 
affections liées à l'expression de l'alkyl-N-purine-ADN glycosylase (ANPG) dans 
les cellules. 
 
Le droit français diverge du droit européen en ce sens qu’il ne permet pas la 
brevetabilité d’une séquence en tant que telle. Il faut noter qu’il existe des brevets 
français revendiquant des séquences nucléotidiques, mais la portée de ce type de 
revendication sera limitée à l’utilisation de la séquence telle que décrite dans la 
description.  
 
Enfin, des brevets revendiquent aussi des oligonucléotides de type morpholino, comme 
dans le brevet EP 1 155 140 co-déposé par le CNRS et le CEA : 
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Procédé de fabrication d'un fragment d'acide nucléique (ADN ou ARN) marqué 
en 3', qui comprend l'incorporation enzymatique d'un dérivé de nucléotide ayant 
pour précurseur un composé de formule : dans laquelle R**1 représente une base 
nucléique et R**2 représente un groupe répondant à l'une des formules suivantes 
: -(CH2 )n -NH2 -(CH2 )n -SH -(CH2 )n -COOH -(CH2 )n -OH - (CH2 )n -NH-
R**3 -(CH2 )n -SR**3 - (CH2 )n -CO-R**3 -(CH2 )n -OR**3 dans lesquelles n est 
un nombre entier allant de 1 à 12 et R**3 est un groupe dérivé d'un marqueur, 
d'une protéine, d'une enzyme, d'un acide gras ou d'un peptide, à l'extrémité 3' OH 
du fragment d'acide nucléique. 
Morpholino-nucléotide répondant à la formule : dans laquelle R**1 est l'adénine 
et R**2 représente -CH2 -COOH, -(CH2 )4 -NH2 ou -(CH2 )4 -NH-R**3 avec 
R**3 représentant un groupe dérivé de la fluorescéine. 
 
2.4. Les thérapies cellulaire et génique 
 
Dans le domaine de la thérapie génique, des revendications de vecteurs ou d’utilisation 
de ces vecteurs sont couramment retrouvées. Pour exemple, le brevet EP 1 348 030 
revendique : 
Utilisation d'un vecteur comprenant les séquences de nucléotides définies par les 
positions 30811-31788 et 18254-21100 dans SEQ ID N° 1 pour la production 
d'un médicament à utiliser dans la thérapie génique. 
 
Des procédés ou utilisations visant à introduire une séquence nucléotidique dans une 
cellule sont également brevetables, à l’image du brevet EP 1 136 083 au nom de 
Anges MG Inc qui revendique :  
Utilisation d'un gène du facteur de croissance des hépatocytes (HGF) pour la 
production d'un agent thérapeutique…. utilisé pour administrer directement le 
gène du HGF à une partie affectée du muscle cardiaque en utilisant une 
assistance échocardiographique sans incision de la partie affectée ou 
thoracotomie. 
 
Dans le domaine de la thérapie cellulaire, les différents types de brevets, produits, 
procédés, utilisations peuvent être retrouvés. Pour exemple, le brevet 
WO 2008 145 866 au nom de LFB Biotechnologies présente la revendication suivante :  
Ensemble de moyens pour le traitement d'une pathologie maligne, d'une maladie 
auto-immune ou d'une maladie infectieuse, comprenant une cellule effectrice qui 
exprime le récepteur Fcγ RIII (CD16) à sa surface, et un anticorps monoclonal, 
dans lequel l'affinité de la région Fc dudit anticorps monoclonal pour le CD16 est 
supérieure à l'affinité de la région Fc des immunoglobulines polyclonales pour le 
CD16. 
 
Ce type de revendication permet d’illustrer un autre concept important dans le domaine 
des biomédicaments, à savoir que les méthodes de traitement chirurgical ou 
thérapeutique et les méthodes de diagnostic ne sont pas brevetables en Europe. Cette 
disposition a pour but de ne pas entraver la liberté d’action des médecins. En effet, une 
revendication de méthode de traitement d’une maladie A empêcherait toute personne 
n’ayant pas de droit sur cette technologie de soigner un patient atteint de la maladie A 
avec la méthode protégée. En revanche, le produit ou la composition pharmaceutique 
relevant de ce traitement peut bien entendu être brevetable si elle répond aux critères de 
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brevetabilité. C’est pourquoi, en Europe, les revendications sont écrites sous la forme 
« utilisation…. pour le préparation d’un médicament destiné à ….. » ou « composition 
pour le traitement ». 
 
Enfin, la thérapie cellulaire introduit la question de la brevetabilité des cellules souches. 
L’exemple ci-après, issu du brevet EP 1 694 354 au nom de DEVELOGEN AG introduit 
de lui-même la limitation concernant la brevetabilité des cellules souches. 
Utilisation d'un produit de type neurturine pour stimuler et/ou induire la 
différentiation de cellules produisant de l'insuline à partir de cellules progénitrices, 
en particulier de cellules souches à l'exception des cellules souches 
embryonnaires humaines, par exemple de cellules souches somatiques, in vitro, 
… 
 
En effet, la question de la brevetabilité des cellules souches fait débat. A ce jour, le droit 
européen précise qu’un brevet ne peut être délivré pour une invention biotechnologique 
qui a pour objet l’utilisation d'embryons humains à des fins industrielles ou 
commerciales. Par ailleurs, une décision de jurisprudence rejette la brevetabilité de 
produits ou de méthodes si cela nécessite la destruction d’un embryon. Il en ressort que 
les cellules souches embryonnaires humaines ne sont pas brevetables, encore faudrait-il 
qu’une définition claire du mot « embryon » soit énoncée. Cependant, les cellules 
souches embryonnaires non humaines et les cellules souches humaines non 
embryonnaires de type somatique restent des éléments brevetables au sens du droit 
européen et du droit français. 
 
 
3. EXEMPLES DE BREVETS PROTEGEANT LES DIFFERENTS SYSTEMES D’EXPRESSION DES 
BIOMEDICAMENTS 
 
L’Organisation de Coopération et de Développement Economiques (OCDE) définit les 
biotechnologies comme « l’application des sciences et des techniques à des organismes 
vivants, qu’il s’agisse d’éléments ou de produits pour transformer les matériaux vivants 
ou non, dans le but de produire des connaissances, des biens et des services ». 
Autrement dit, les médicaments issus des biotechnologies vont être principalement issus 
de la production de protéines recombinantes par des organismes vivants modifiés 
génétiquement tels que des bactéries, des levures, et des cellules végétales ou animales. 
Pour produire un biomédicament, plusieurs étapes sont nécessaires. Dans la partie 
suivante, nous nous intéresserons uniquement à l’étape d’Upstream (chapitre 2a), les 
étapes de Downstream (chapitre 2b) et de Mise Sous Forme Pharmaceutique (chapitre 
3) ne seront donc pas abordées. 
 
Un gène d’intérêt thérapeutique va être isolé puis être inséré dans un vecteur 
d’expression (virus, plasmide…), dans le but d’être produit par une cellule ou un 
organisme génétique modifié. Dans le cas d’une cellule, on parlera de cellule usine 
(Chapitre1.3.), celle-ci exprimant la protéine recombinante. Parmi les technologies de 
bioproduction développées (chapitre 1.4), il existe les systèmes d’expression en 
bactéries, en levures, en cellules d’insectes, d’oiseaux, de mammifères et même dans 
des animaux et plantes transgéniques. C’est le biomédicament qui conditionnera le 
choix du système d’expression. Par exemple, pour synthétiser des protéines non-
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glycosylées telle que l’insuline, des bactéries comme Escherichia coli conviendront 
parfaitement. 
 
Comme pour la partie précédente, au travers d’exemple de revendications, les 
paragraphes ci-après visent à illustrer la brevetabilité des systèmes de production des 
biomédicaments et les différents types de protection qu’il est possible d’obtenir. 
 
3.1. La bioproduction en cellules bactériennes 
 
Les systèmes d’expression bactériens ont été largement employés dans les années 1980, 
pour la synthèse de petits polypeptides du type interleukine, interféron… Par exemple, le 
brevet FR 2 635 113 au nom de Sanofi SA revendique la culture de cellules 
d’Escherichia coli modifiées pour produire des protéines recombinantes d’interleukine-
1 : 
Procédé pour l'obtention d'IL-1 p mature recombinante, caractérisé en ce qu'il 
consiste à cultiver des cellules d'E. coli transformées par un gène codant pour 
ladite protéine, à soumettre les cellules d'E. coli à un choc osmotique et à séparer 
la protéine recombinante du surnageant du choc osmotique. 
 
Les plasmides d’expression des systèmes bactériens font également l’objet d’une 
protection, à l’image du brevet EP 1 022 339 au nom de Bayer AG qui revendique : 
Vecteur pour la production de IL-4 et de mutéines de IL-4 dans une souche 
d'Escherichia coli, comprenant, dans l'ordre 5' à 3', les éléments liés de manière 
fonctionnelle suivants : un promoteur régulable consistant en le promoteur de 
phage T5 de E. coli et deux séquences d'opérateur lac, un site de liaison 
ribosomale provenant de g10 du phage T7 de E. coli, un codon d'initiation de 
traduction, un gène structural pour la IL-4 ou une mutéine de IL-4 et, en aval de 
ce gène structural, un terminateur de transcription. 
 
Dans certains brevets, comme le brevet EP 0 043 980 au nom de Genentech Inc, tout 
le système de bioproduction est protégé par un seul et même brevet : sont revendiqués 
les polypeptides (interférons pour l’exemple), les compositions pharmaceutiques, le 
procédé d’obtention, les cellules bactériennes et les véhicules d'expression microbiens. 
 
3.2. La bioproduction en levures 
 
Comme pour la bactérie Escherichia coli, les connaissances génétiques des levures en 
font un système d’expression bien connu pour la bioproduction. Cependant, à la 
différence des cellules bactériennes, les levures peuvent réaliser des modifications post-
traductionnelles, essentielles pour de nombreux biomédicaments. Elles peuvent donc 
synthétiser des protéines dont la maturation in vivo est plus complexe. Par exemple, le 
brevet EP 0 655 503 au nom de Green Cross Corp revendique un procédé d’obtention 
d’une protéine recombinante en cellules de levure : 
Procédé pour la production de sérum-albumine humaine recombinante 
comprenant la culture d'une souche de levure productrice de sérum-albumine 
humaine à une température de 21 à 25 DEG.C. 
 
Dans le même brevet, une autre revendication précise que la souche de levure est 
dérivé de Saccharomyces cerevisiae : 
BIO_FR._P421_464.indd   440 14/09/10   16:59:46
441
Bioproduction et Propriété Industrielle 
 
Procédé selon la revendication 1, dans lequel l'hôte produisant la sérum-
albumine humaine est dérivé de Saccharomyces cerevisiae AH 22. 
 
Le brevet EP 1 109 922 au nom de Novo Nordisk revendique quant à lui la 
transformation de la levure Saccharomyces cerevisiae pour réaliser de la 
bioproduction à une échelle industrielle : 
Un procédé industriel de fermentation pour produire un produit hétérologue, 
comprenant (a) la mise en culture dans des conditions industrielles d'une souche 
de levure Saccharomyces Crabtree-négative existant à l'état naturel qui comprend 
un plasmide ou un ADN codant pour le produit hétérologue, où la souche utilise 
le glucose plus efficacement et présente un métabolisme de fermentation moindre 
par rapport à celui observé pour Saccharomyces cerevisiæ dans les mêmes 
conditions de croissance, et (b) récupérer le produit hétérologue à partir du milieu 
de culture. 
 
Les levures du genre Pichia peuvent également être utilisées dans le même but, le brevet 
EP 0 226 752 au nom de Phillips Petroleum Co revendique un procédé de production 
de polypeptides basé sur un tel système. 
 
Les vecteurs disponibles pour les systèmes d’expression en levures comprennent des 
plasmides, comme illustré par le brevet EP 0 312 159 déposé par Merck & Co Inc : 
A plasmid expression vector containing yeast-derived sequences for the selection 
and amplification of the plasmid in a species of yeast derived from the families 
Saccharomycetaceae or Cryptococcaceae, […]. 
 
Aussi, comme pour les bactéries, des brevets revendiquent des méthodes de culture des 
levures. C’est le cas du brevet EP 0 706 562 au nom de Merck & Co Inc : 
A medium for the growth of Saccharomyces cerevisiae which comprises per liter: 
(NH4)2S04 10 g, KH2PO4 10 g, CaCl2p2H20 0.5 g, NaCl 0.5 g […]. 
 
3.3. La bioproduction dans les microalgues 
 
Un autre système d’expression porte sur l’utilisation de microalgues pour la synthèse de 
protéines glycosylées. Bien que le développement de cette technologie soit actuellement 
moins avancé, elle a fait l’objet de plusieurs dépôts de brevets, dont le brevet EP 2 090 
648, co-déposé par l’IFREMER, le CNRS et l’université de Rouen. Celui-ci vise à la fois 
la protection des microalgues transformées, et des méthodes de production :  
Transformed microalgae comprising a nucleotide sequence operably linked to a 
promoter that drives expression in said microalgae, wherein said nucleotide 
sequence encodes a glycosylated polypeptide that is expressed in the transformed 
microalgae. 
A method for producing at least one glycosylated polypeptide, comprising 
transforming microalgae or transformed microalgae according to anyone of claim 
15 to 21 with a nucleotide sequence operably linked to a promoter that drives 
expression in said microalgae, wherein said nucleotide sequence encodes a 
glycosylated polypeptide that is expressed in the transformed microalgae. 
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3.4. La bioproduction en cellules d’insectes 
 
Les cellules d’insectes sont impliquées dans de nombreuses voies de recherche comme 
par exemple les anticorps murins, l’antigène VIH, l’EPO. Le vaccin Cervarix® contre 
certaines souches du Papillomavirus Humain est par exemple produit dans des cellules 
d’insectes. Comme pour tous les systèmes d’expression, les lignées cellulaires vont être 
protégées par des brevets, par exemple une lignée de Spodoptera frugiperda dans le 
brevet EP 1 119 612 au nom de Protein Sciences Corp : 
Insect cell line Sf900+ (ATCC CRL-12579). 
 
Á ceux-ci sont associés d’autres protections portant sur les procédés de bioproduction, 
comme proposé par le brevet WO9426087 au nom de US of America : 
A process for production of a recombinant polypeptide comprising the steps of (a) 
selecting insect cells for culture; (b) transforming the insect cells to include a 
selected DNA sequence encoding a selected polypeptide; and (c) culturing the 
insect cells in a horizontally rotating culture vessel modulated to create low shear 
conditions during which the insect cells recombinantly produce the selected 
polypeptide. 
 
Bien entendu, pour les cellules d’insectes un vecteur d’expression est également 
nécessaire. A titre d’exemple, le brevet EP 0 127 839 au nom de The Texas A&M 
University a pour objectif de protéger la mise au point d’un vecteur baculoviral pour la 
production de protéines recombinantes : 
A method for producing a recombinant baculovirus expression vector, capable of 
expressing a selected gene or portion thereof in a host insect cell […]. 
 
Aussi, le brevet EP 0 833 933 déposé par MG PMC Llc revendique précisément le 
baculovirus pour la production en cellules d’insectes d’hémagglutinines utilisées comme 
vaccin : 
Vecteur pour la préparation d'une protéine hémagglutinine HAO grippale 
recombinante comprenant les séquences 5'-->3' suivantes : un promoteur 
polyhédrine provenant d'un baculovirus, un codon d'initiation de traduction ATG, 
un peptide signal, des séquences codant pour l'hémagglutinine mature provenant 
d'une souche de virus grippal, un codon de terminaison de traduction, et un 
signal de polyadénylation d'ARN de polyhédrine, caractérisé en ce que le peptide 
signal comprend un peptide signal de baculovirus comprenant les aminoacides 1 
à 18 de la SEQ ID No7. 
 
3.5. La bioproduction en cellules d’oiseaux 
 
Les cellules d’oiseaux font également l’objet d’une protection par un brevet. Par 
exemple, le brevet EP 1 446 004 et dont le déposant est Vivalis, revendique le procédé 
d’obtention de cellules aviaires transgéniques : 
Procédé d'obtention d'une cellule souche embryonnaire (ES) aviaire modifiée par 
recombinaison homologue, ledit procédé comprenant les étapes suivantes : A) 
l'introduction d'un vecteur de recombinaison homologue dans ladite cellule ES 
aviaire par une méthode de transfection ; B) la sélection des cellules par l'addition 
d'un agent de sélection dans le milieu de culture ; et C) le criblage des clones 
résistants et amplification […]. 
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Comme illustré par le brevet FR 2 884 255 au nom de Vivalis, les lignées ainsi 
produites sont à leur tour protégées : 
Lignées de cellules aviaires EBx diploïdes, non-tumorigènes, immortelles et non 
transformées, caractérisées en ce que lesdites cellules présentent: une 
morphologie ronde et compacte de cellules souches embryonnaires aviaires et un 
rapport nucléo-cytoplasmique élevé ; un temps de doublement de sa population 
comprise entre 15 et 30 heures […]. 
 
Les utilisations potentielles des lignées cellulaires vont également être protégées, comme 
dans le brevet EP 1 685 243 déposé par Probiogen AG : 
Utilisation de la lignée cellulaire selon l'une quelconque des revendications 1 à 7, 
pour la production de produits biologiques ou de virus.  
Ou encore dans le brevet EP 1 446 004 au nom de Vivalis : 
Oeuf susceptible d'être obtenu à partir d'un animal obtenu par un procédé selon 
l'une des revendications 18 à 20, caractérisé en ce qu'une partie de l'ovalbumine, 
ou du lysozyme est partiellement ou totalement remplacée par la protéine d'intérêt 
exogène. 
 
3.6. La bioproduction en cellules de mammifères 
 
Les cellules de mammifères produisant des protéines recombinantes ont pris beaucoup 
d’importance au sein des systèmes de bioproduction. En effet, ces lignées reproduisent 
fidèlement les modifications post-traductionnelles nécessaires au bon fonctionnement 
des biomédicaments. Le biomédicament produit peut être par exemple un anticorps, 
comme dans le brevet EP 1 167 537 au nom de Japan Tobacco Inc et Abgenix qui 
revendique des méthodes de production : 
Méthode pour produire un anticorps monoclonal, dans laquelle la méthode 
comprend les étapes suivantes : (a) introduire dans une cellule in vitro un ADN 
exogène, ladite cellule (i) comprenant un gène de la chaîne lourde 
d'immunoglobuline endogène réarrangé et un gène de la chaîne légère 
d'immunoglobuline endogène réarrangé, (ii) sécrétant un anticorps monoclonal 
comprenant un polypeptide de la chaîne lourde d'immunoglobuline dérivé dudit 
gène de la chaîne lourde d'immunoglobuline endogène réarrangé et un 
polypeptide de la chaîne légère d'immunoglobuline dérivé dudit gène de la 
chaîne légère d'immunoglobuline endogène réarrangé,[…]. 
 
Comme pour les autres systèmes cellulaires, des brevets protègent spécifiquement les 
lignées cellulaires exploitées à des fins de bioproduction. Par, exemple, le brevet EP 0 
216 846 au nom de Celltech Ltd revendique : 
A myeloma cell-line transformed with a vector including a gene coding for a 
eukaryotic polypeptide and a viral promoter, such that expression occurs of the 
gene coding for the eukaryotic polypeptide, directed by the viral promoter, such 
that the eukaryotic polypeptide is produced at a level greater than 1 mg/L. 
 
Sont associés à ces cellules usines, des systèmes de sélection et d’amplification. Par 
exemple, le système GS est l’un des plus utilisés, il porte sur le marqueur de sélection de 
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la glutamine synthétase (GS), et est revendiqué par le brevet EP 0 256 055 co-déposé 
par Celltech Ltd et l’Université de Glasgow : 
A method for co-amplifying a recombinant DNA sequence which encodes the 
complete amino acid sequence of a desired protein other than a glutamine 
synthetase (GS), which method comprises: (a) providing a vector capable, in a 
transformant host cell, of expressing both a recombinant DNA sequence which 
encodes an active GS enzyme and the recombinant DNA sequence which 
encodes the complete amino acid sequence of the desired protein other than GS; 
(b) providing a eukaryotic host cell which is a glutamine prototroph; (c) 
transforming said host cell with said vector; and (d) culturing said host cell under 
conditions which allow transformants containing an amplified number of copies of 
the vector-derived GS-encoding recombinant DNA sequence to be selected, 
which transformants also contain an amplified number of copies of the desired 
protein-encoding DNA sequence. 
 
Le brevet EP 0 731 845 au nom de Merck & Co Inc revendique un locus spécifique 
dans le génome d’une cellule murine qui favorise l’expression d’un gène recombinant 
après une intégration stable par recombinaison homologue : 
Vecteur d'expression de recombinaison homologue pour l'expression de gènes 
recombinants dans des cellules de mammifères, caractérisé en ce que ledit 
vecteur comprend un promoteur pour l'expression d'un gène recombinant, une 
unité de transcription codant pour un marqueur de sélection et des séquences 
d'ADN spécifiques du locus de l'immunoglobuline murine gamma 2A pour un 
ciblage de la recombinaison homologue. 
 
Certains brevets vont protéger uniquement des vecteurs d’expression spécifiques, 
comme dans le brevet EP 0 302 429 déposé par Ono Pharmaceutical Co (vecteur 
d’expression pour l’interleukine humaine 4). 
 
Pour les vecteurs d’expression non-viraux, il est possible de faire pénétrer ceux-ci dans 
les cellules et leurs noyaux, à l’aide de plusieurs technologies. Par exemple, d’un côté le 
brevet EP 0 789 564 au nom de Supratek Pharma Inc est un exemple de protection 
d’une composition polynucléotidique pour la transfection chimique : 
Composition de polynucléotide comprenant: (a) un polynucléotide ou un dérivé 
de polynucléotide; et (b) en dessous de 5% d'un copolymère séquencé de 
polyéther (p/v) comprenant un segment polymère de type A […] et un segment 
polymère de type B […]; où (i) la composition ne forme pas un gel; et (ii) la 
composition forme des micelles de 10 nm à 100 nm de diamètre. 
 
D’un autre côté, le brevet EP 1 297 119 dont le déposant est Amaxa GmbH revendique 
un procédé de transfection physique à l’aide d’un champ électrique : 
Procédé d'incorporation de molécules biologiquement actives dans le noyau 
cellulaire de cellules eucaryotiques supérieures à l'aide de courant électrique, 
l'incorporation dans le noyau de cellules primaires étant obtenue 
indépendamment de la division cellulaire au moyen d'une impulsion d'une force 
de champ de 2 à 10 kV/cm et d'une durée d'au moins 10  s et d'une intensité de 
courant d'au moins 1 A.  
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3.7. La bioproduction par des animaux et plantes transgéniques 
 
D’autres voies de production de médicaments issus des biotechnologies se basent sur 
l’utilisation d’organismes entiers, comme des animaux non-humains. Le brevet 
EP 0 741 515 au nom de GTC Biotherapeutics revendique en effet un procédé de 
production d’une protéine recombinante d’intérêt dans un mammifère non-humain, 
comme une chèvre : 
Procédé pour l'obtention d'une immunoglobuline hétérologue et assemblée dans 
le lait d'un mammifère transgénique non humain caractérisé en ce qu'il 
comprend : (a) l'introduction dans une lignée germinale dudit mammifère d'ADN 
comprenant séparément les séquences codantes de protéines des chaînes lourdes 
et légères de ladite immunoglobuline […] ; (b) l'obtention de lait comprenant 
ladite immunoglobuline hétérologue et assemblée à partir dudit mammifère non 
humain ; ladite immunoglobuline hétérologue et assemblée étant dans une 
configuration fonctionnelle et étant produite à une concentration d'au moins 1 
mg/ml dans le lait dudit mammifère. 
 
De même, des plantes transgéniques sont utilisées somme bioproducteurs, comme 
divulgué dans le brevet EP 0 577 598 déposé par l’Université de California : 
Procédé pour la production d'une plante transgénique comprenant un gène 
d'intérêt qui est exempt de séquences de gène marqueur, ledit procédé 
comprenant: a) la fourniture d'une construction d'ADN comprenant le gène 
d'intérêt, des acides nucléiques auxiliaires étrangers comprenant des séquences 
de gène marqueur et un transposon fonctionnant dans les plantes […]. 
 
Certains brevets sont spécifiques à une plante : le brevet EP 1 808 491 déposé par 
Meristem Therapeutics protège la production de molécules hétérologues dans des 
cellules de maïs : 
A method for producing an heterologous molecule in maize seeds, comprising 
cultivation of a maize plant wherein cells contain stably introduced into their 
genome a first nucleic acid which specifically decreases the production of [alpha]-
zein and/or a second nucleic acid which specifically decreases the production of 
[gamma]-zein, and a third nucleic acid which expresses the heterologous 
molecule, and obtaining a seed containing the heterologous molecule. 
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4. CONCLUSION  
 
Depuis une quinzaine d’années, le secteur biopharmaceutique est devenu un secteur 
stratégique et incontournable pour la mise au point de produits thérapeutiques 
innovants. Associées à une meilleure connaissance des organismes vivants et une 
meilleure compréhension des pathologies, les biotechnologies ont été à l’origine d’une 
nouvelle génération de médicaments : les biomédicaments. 
Progressivement un grand nombre de sociétés pharmaceutiques se sont orientées vers le 
développement de biomédicaments dont certains sont déjà qualifiés de blockbusters 
depuis quelques années (Figure 3). A l’exception du produit Enbrel®, les chiffres 
d’affaires les plus importants sont observés pour la classe des anticorps, suivie par les 







































































Figure 3 : Pourcentage de croissance et chiffre d’affaires de biomédicaments. La 
couleur indique les classes de biomédicaments. La taille du cercle représente leur part 
de marché (Site internet des entreprises leaders, Développement & Conseil, 2008). 
 
25% des blockbusters actuels sont des biomédicaments. Par exemple, la protéine de 
fusion Enbrel® d’Amgen (traitement de l’arthrite rhumatoïde sévère), premier 
blockbuster des biomédicaments, a réalisé un chiffre d’affaires consolidé de plus de 
5Mds$ en 2007. Il en est de même pour les produits Herceptin® de Genentech, 
Rituxan® de Roche ou encore Remicade® de Shering-Plough.  
 
Cependant, comme ce fut le cas pour les blockbusters issus de l’industrie chimique, les 
brevets protégeant certains biomédicaments arrivent bientôt à échéance : 2012 aux 
États-Unis et en Europe pour Enbrel®, 2013 aux États-Unis et en Europe pour 
Herceptin®. Au même titre que les médicaments issus de la chimie avec les génériques, 
les biomédicaments pourront être librement copiés à l’expiration des brevets 
correspondants et des médicaments biosimilaires arriveront sur le marché. 
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Le marché des médicaments biosimilaires est naissant (figure 4), le premier biosimilaire 
(l’Omnitrope®, hormone de croissance) a été approuvé aux États-Unis en 2005, et en 
Europe en 2006 mais les analystes estiment qu’environ 25 biosimilaires seront 











































































Figure 4 : Hypothèse haute du nombre de molécules biologiques qui sont et qui seront 
commercialisées entre 2006 et 2012 (Source : Développement & Conseil, 2008). 
 
Il est à noter que la terminologie de « biosimilaire » est préférée à celle de biogénérique 
car la reproduction exacte du médicament « vivant » est techniquement impossible. En 
conséquence, l’homologation d’un biosimilaire se fait sur la base d’une équivalence de 
résultats thérapeutiques, basés sur des études cliniques englobant des centaines de 
patients, et non pas uniquement sur la base d’une équivalence pharmaceutique (comme 
c’est le cas pour les médicaments génériques). 
 
Dès 2004, les autorités européennes mettent en place des règles propres aux 
biosimilaires, (Directive 2004/27/CE du 31 mars 2004) alors qu’aux États-Unis, la 
réglementation des biosimilaires n’est pas clairement établie. L’article 10-4 de cette 
Directive définit la notion de biosimilaire : 
Les médicaments biologiques similaires à des médicaments de référence ne 
remplissent habituellement pas toutes les conditions pour être considérés comme 
des médicaments génériques, en raison notamment des caractéristiques des 
procédés de fabrication, des matières premières utilisées, des caractéristiques 
moléculaires et des modes d'action thérapeutiques. Lorsqu'un médicament 
biologique ne remplit pas toutes les conditions pour être considéré comme un 
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médicament générique, les résultats d'essais appropriés devraient être fournis afin 
de satisfaire aux conditions relatives à la sécurité (essais précliniques) ou à 
l'efficacité (essais cliniques), ou aux deux. 
 
Le producteur d’un médicament biosimilaire doit prouver que son produit a le même 
effet thérapeutique que le produit biologique de référence. Á ce titre, l’EMEA (European 
Medicines Agency) a publié des lignes directrices pour la comparaison des 
biomédicaments en décembre 2003 et en septembre 2005 pour la bioéquivalence. 
 
Une étude récente du Comité Biotechnologies du Leem et du Genopole® sur l’état des 
lieux de la bioproduction en France en 2008, estime que « la somme liée à la perte des 
brevets de biomédicaments est estimée à plus de 10Mds$ en 2010 et pourrait atteindre 
20Mds$ en 2015 ». Elle cite à titre d’exemple que « les brevets sur les EPO expirent en 
moyenne aux USA vers 2013, ouvrant un marché potentiel de 8Mds$ aux 
biosimilaires ». 
 
Les évolutions du secteur pharmaceutique peuvent s’observer au travers des brevets. En 
effet, comme il a été précisé dans les parties précédentes, le biomédicament en tant que 
produit thérapeutique n’est pas le seul élément brevetable ; en effet, sont également 
protégeables par brevet, les procédés de production, les lignées cellulaires utilisées dans 
le cadre de ces procédés ou encore les méthodes de culture en fermenteur, les vecteurs 
d’expression, ou les méthodes d’extraction. L’arrivée des biomédicaments sur le marché 
et le fait qu’un biomédicament puisse être protégé par plusieurs brevets (brevets de 
produit, de procédé et d’utilisation) expliquent les observations faites en matière de 
dépôts de brevets liés aux biomédicaments. 
 
La classification des brevets couvrant les biomédicaments fait apparaitre 5 catégories 
(figure 5) : les peptides et protéine, les vaccins et tout élément pouvant servir à faire de 
l’immunothérapie comme les anticorps, les médicaments issus des thérapies génique et 
cellulaire, les acides nucléiques ou une substance provenant de la matière biologique 
(les procédés relatifs à chacun des différents éléments sont compris dans la catégorie 
correspondante). 
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Figure 5 : Pourcentage des brevets en fonction de la classe des biomédicaments (étude 
de 2008 de l’Institut National de la Propriété Industrielle, intitulée « Du médicament au 
biomédicament : tendances de l’innovation »). 
 
Une étude de l’Institut National de la Propriété Industrielle (INPI) datée d’octobre 2008 
montre l’importance des dépôts relatifs aux biomédicaments. Basée sur une analyse des 
demandes de brevet français déposées entre 1997 et 2004, la France se place en 5ème 
position après les dépôts de demandes internationales, les demandes américaines, 
européennes et japonaises et 39% de demandes liées à un médicament couvrent en fait 
un biomédicament. Parmi elles, environ 40% sont des demandes relatives à un peptide 
ou une protéine, 20 à 25 % couvrent un vaccin ou an anticorps et un peu moins de 
20% sont relatives à la thérapie génique. 
Cette étude montre également que le nombre de demandes de Certificat 
Complémentaire de Protection (voir paragraphe 1.2.3) liées à un biomédicament 
augmente pour atteindre en 2007, près de 60% des demandes de CCP. 
Bouleversant le schéma classique de R&D de la pharmacopée traditionnelle, les acteurs 
de ce secteur ont dû rapidement s’adapter et se positionner au sein d’un environnement 
en pleine mutation. 
 
Les brevets jouent donc un rôle essentiel dans l’économie et le développement des 
biotechnologies et des biomédicaments. Ils sont et resteront au cœur de la 
bioéconomie, définie par l’OCDE comme « un système dans lequel les biotechnologies 
assureront une part substantielle de la production économique ». 
 









 Pioneer applicants filed 
several patents to protect the 
transposon system they developed 
(Univ. Minnesota on SB, Finnzymes 
on Mu…), covering the proof of 
concept in usage and in 
engineering. 
 Other applicants (Epicentre, 
Recombinetics…) claimed in their 
patents an invention using a 
“general” transposon system, and 
would need to obtain licenses of 
key patents of transposons. 
 The United States of 
America are indisputably 
the country where the most 
patents have been filed 
because of the nationality 
of applicants and because it 
also represents a major 
market.  
 However, the most 
important patents were 
extended in other key 
countries (EU, Japan...). 
2) Protection strategies of key applicants 
a) Transposon systems claimed in patents by key applicants 
b) Geographic strategies of filings of key applicants 
Transposon tools: worldwide patent landscape and patent exploitation by key actors 
F. PALAZZOLI1, D. CARDI2, U. STREICHENBERGER2, Y. BIGOT1 
1GICC - CNRS/Univ. F. Rabelais, Tours, FRANCE, 2France Innovation Scientifique & Transfert SA, Paris, FRANCE 
fabien.palazzoli@etu.univ-tours.fr or delphine.cardi@fist.fr 
 Methodology 
  The patent extraction and overall statistics were respectively 
performed using FamPat patent database (Questel) and Intellixir 
software. The patent query was built with the following keywords: 
transposase(s), transposon(s), mobile or transposable genetic element(s) 
or transposition; and the search was carried out in the titles, the 
abstracts and the independent claims of patent documents. 
 Introduction : why did we do such a study ? 
 Nowadays, in the international scientific and economic competition, the protection of Biotech inventions by Industrial Property (IP) rights should be taken 
into account: patents are at the core of the Biotech business. A patent can be defined as an exclusive right granted for an invention to an applicant, for a 
limited period of time (generally 20 years to the maximum) and on a territorial basis (a specific country or a group of countries). 
   
 In the general context of the gene delivery, vectors are composed by several elements as insulators, targeting systems… that are potentially locked by IP 
rights, what is of a major importance to plan a strategy of technological development. The proposition of the first clinical trial of gene transfer system based 
on a transposon asks the question of the property of the technology  and its economic exploitation. 
 Are transposon-based systems protected by patents ? Which patents are kept in force for an exploitation strategy ? 
1) Cross-analysis of the evolution in patent filings over 
time by type of applicants 
 629 patents were filed during the period 1980-2008. The year 1997 
appears as a pivotal year with 43 patents and marks the emergence of 
the main transposon-based system as vectors for providing cells with 
additional nucleic acid material (SB, Tol2, Mariner elements…). 
 Since 2001, the number of institutional applicants is stable whereas 
the number of industrial applicants drops. It may be due to the fact that 
the entry barriers to the transposon tool sector are too high. 
 The main transposon systems are included in economic projects mostly by US 
companies that concern therapeutic purposes or European companies for non-
therapeutic developments (mutagenesis…). 
Indeed, the universities generally licensed their transposon-based technologies to 
spin-off companies (Discovery Genomics from the University of Minnesota…). 
 Among DNA transposons, the main promising systems, such as Sleeping beauty 
and Tol2 are strongly protected by patents except piggyBac that has interesting 
capacities in terms of cargo. The first patents covering this transposon vector 
were a priori only filed in USA. So, piggyBac seems to be the only system for 
gene delivery that is freedom to operate for R&D plans, that may explain why 
piggyBac is integrated in the business models of companies as Oxitec or Manoa 
Biosciences. 
3) Patent exploitation for therapeutic or other purposes 
Conclusion 
As patent applications are published 18 months after their filings, they represent a vast and non-negligible source of: 
 scientific data ! The claims and the description disclose all technical details of the invention (which transposon systems are protected by patents ?). 
 legal information! Are these patents kept in force ? In which countries ? 
 business-relevant information ! Global patent landscape knowledge of the environment of transposon tools facilitates decision making and R&D orientations. 
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«I l est nécessaire de mieux com-prendre son environnement brevets pour mieux innover. 
Aujourd’hui, 80 % de l’information 
technologique est disponible dans les 
textes de brevets existants mais toutes 
ces données sont disséminées parmi 
plus de 40 millions de textes. Il est donc 
nécessaire de disposer d’une métho-
dologie et d’instruments adaptés pour 
faire d’une analyse de brevets un outil 
d’intelligence économique », expli-
que Sylvain Goiran, responsable du 
département Études chez Fist (France 
Innovation Scientifique et Transfert).
Créé en 1992, Fist SA, filiale du CNRS 
et d’Oséo Innovation, est une société 
de transfert et de commercialisation de 
technologies innovantes qui gère un 
portefeuille de 3000 brevets et négocie 
près de 100 licences d’exploitation par 
an. Fist dispose depuis 2004 d’une équi-
pe spécialisée dans l’analyse globale de 
brevets et a développé un savoir-faire 
qui lui permet d’analyser et de visuali-
ser l’environnement brevets d’un sec-
teur technologique afin de comprendre 
la dynamique des réseaux existants. 
Une meilleure compréhension de 
l’environnement brevets permet à 
tous les acteurs de mieux appréhender 
leur positionnement, d’identifier de 
nouveaux partenaires ou concurrents 
et de détecter les équipes et les tech-
nologies émergentes. Aujourd’hui, Fist 
commercialise deux types d’études : 
« IP On Demand » réalisée sur mesure et 
« IP Overview » qui dresse un panorama 
global sur des thématiques d’actualité 
ou émergentes.
UN OUTIL STRATÉGIQUE
La première étude « IP Overview » 
dans le domaine des sciences du vivant 
est aujourd’hui commercialisée via le 
site Internet de Fist. Elle concerne les 
« Thérapies contre le VIH » et regroupe, 
segmente et analyse, les 6 800 familles 
de brevets liées à ce domaine. Cette 
étude met en évidence les stratégies 
mises en place par les acteurs et les 
tendances actuelles du domaine. Il 
apparaît par exemple que les efforts en 
R&D faiblissent depuis 2005 malgré la 
forte croissance du marché du VIH et le 
besoin constant de nouvelles thérapies, 
laissant ainsi ce secteur en manque de 
nouvelles perspectives (40 % de diminu-
tion du nombre de dépôts de brevets). 
Cet essoufflement affecte même cer-
tains leaders historiques, mais donne 
l’opportunité à de nouveaux acteurs 
de s’imposer sur des segments spécifi-
ques encore peu explorés (Cyclophilin, 
Trim5alpha, TSG 101, etc.). 
Les prochaines « IP Overview » por-
teront sur les thématiques « Paludisme » 
et « Inhibiteurs de Cyclin-Dependant-
Kinases ». Fist a par ailleurs initié cette 
année une collaboration inédite avec 
la cellule de développement stratégi-
que du laboratoire GICC (Génétique 
Immunothérapie Chimie & Cancer) de 
Tours, pour analyser l’environnement 
brevets de leurs thématiques de recher-
che notamment en thérapie génique 
(études sur les domaines de liaison à 
l’ADN de type doigt de zinc, systèmes 
de transfection et cellules souches).
« Nos études constituent de véri-
tables outils opérationnels d’aide à la 
prise de décision et s’adressent aux 
responsables brevets des sociétés, mais 
également aux investisseurs, cabinets 
de conseils, structures de recherche et 
organismes de valorisation, conclut 
Sylvain Goiran. En plus d’apporter 
aux décideurs un nouvel élément 
essentiel d’informations au même 
titre que les informations économi-
ques, elles permettent au sein d’une 
même entreprise d’avoir un outil et 
un langage communs entre les équi-
pes de recherche, les équipes dirigean-
tes et les financiers. » N CÉLINE HÉCHARD
 
L’Allemand Medac a ache-
té une licence mondiale 
auprès de l’École Médicale 
de Hanovre (MHH), pour 
un diagnostic qui aide à 
orienter le traitement de la 
leucémie lymphoblastique 
aiguë. L’accord a été négo-
cié par Ascenion GmbH, 
le partenaire exclusif de 
MHH pour la propriété 
intellectuelle.
Une contamination acci-
dentelle au bacille de 
charbon s’est produite 
dans un laboratoire de 
l’Agence française de 
sécurité sanitaire des ali-
ments (Afssa). Des labo-
rantins ont été pris en 
charge par les secours et 
la mise en place du proto-
cole de décontamination 
a été immédiate.
Le Parlement européen 
a adopté un règlement, 
qui entrera en application 
entre 2010 et 2013, sur 
les produits cosmétiques. 
Il impose une évaluation 
renforcée des risques, y 
compris pour les nano-
matériaux, de plus en 
plus utilisés par l’indus-
trie. Le règlement inclut 
le principe de l’élimina-




tager 800 brevets avec 
d’autres instances qui 
cherchent de nouveaux 
traitements dans 16 mala-
dies tropicales négligées, 
hors Sida. Le groupe 
baisse de 45 % le prix de 
110 thérapies brevetées 
allant du paludisme à 
l’asthme. Cette politique 
globale vise à aider les 
pays pauvres.
Le Californien Arena 
Pharmaceuticals a levé 
50 millions de dollars 
auprès de Azimuth 
Opportunity Ltd. Au bout 
de 18 mois, la société 
pourra éventuellement 
vendre des actions à 
Azimuth. Arena se situe 
dans l’obésité, les trou-
bles du sommeil, les 
maladies neurodégénéra-
tives, la schizophrénie, la 
dépression et l’anxiété.
E N  B R E F
 BIOTECH.INFO - NUMÉRO 437 |  PAGE  3
P O R T R A I T  D ‘ E N T R E P R I S E
Fist analyse le « paysage 
brevets » sectoriel
Grâce à la nouvelle activité de Fist (France Innovation Scientifique et Transfert) les 
brevets fournissent une information essentielle à la prise de décision stratégique. 
LIEU : Paris
CRÉATION : 1992
FINANCEMENT : CNRS et Oséo Innovation
EFFECTIF : 45
SPÉCIALITÉ : Analyse de portefeuilles de brevets 
et transfert de technologie
CONTACT : ipoverview@frinnov.fr
SITE INTERNET : http://www.Fist.fr








9Table 2: New concept of technology classification, update: May 2008




F21#, H01B, H01C, H01F, H01G, H01H, H01J, H01K, H01M,
H01R, H01T, H02#, H05B, H05C, H05F, H99Z
2 Audio-visual technology G09F, G09G, G11B, H04N-003, H04N-005, H04N-009, H04N-
013, H04N-015, H04N-017, H04R, H04S, H05K
3 Telecommunications G08C, H01P, H01Q, H04B, H04H, H04J, H04K, H04M, H04N-
001, H04N-007, H04N-011, H04Q




6 Computer technology (G06# not G06Q), G11C, G10L





9 Optics G02#, G03B, G03C, G03D, G03F, G03G, G03H, H01S
10 Measurement G01B, G01C, G01D, G01F, G01G, G01H, G01J, G01K, G01L,
G01M, (G01N not G01N-033), G01P, G01R, G01S; G01V,
G01W, G04#, G12B, G99Z
11 Analysis of biological
materials
G01N-033
12 Control G05B, G05D, G05F, G07#, G08B, G08G, G09B, G09C, G09D
13 Medical technology A61B, A61C, A61D, A61F, A61G, A61H, A61J, A61L, A61M,
A61N, H05G
III Chemistry
14 Organic fine chemistry (C07B, C07C, C07D, C07F, C07H, C07J, C40B) not A61K,
A61K-008, A61Q
15 Biotechnology (C07G, C07K, C12M, C12N, C12P, C12Q, C12R, C12S) not
A61K
16 Pharmaceuticals A61K not A61K-008
17 Macromolecular chemis-
try, polymers
C08B, C08C, C08F, C08G, C08H, C08K, C08L
18 Food chemistry A01H, A21D, A23B, A23C, A23D, A23F, A23G, A23J, A23K,
A23L, C12C, C12F, C12G, C12H, C12J, C13D, C13F, C13J,
C13K
19 Basic materials chemis-
try
A01N, A01P, C05#, C06#, C09B, C09C, C09F, C09G, C09H,
C09K, C09D, C09J, C10B, C10C, C10F, C10G, C10H, C10J,
C10K, C10L, C10M, C10N, C11B, C11C, C11D, C99Z








23 Chemical engineering B01B, B01D-000#, B01D-01##, B01D-02##, B01D-03##, B01D-
041, B01D-043, B01D-057, B01D-059, B01D-06##, B01D-07##,
B01F, B01J, B01L, B02C, B03#, B04#, B05B, B06B, B07#,
B08#, D06B, D06C, D06L, F25J, F26#, C14C, H05H
24 Environmental technol-
ogy
A62D, B01D-045, B01D-046, B01D-047, B01D-049, B01D-050,
B01D-051, B01D-052, B01D-053, B09#, B65F, C02#, F01N,
F23G, F23J, G01T, E01F-008, A62C
IV Mechanical engineer-
ing
25 Handling B25J, B65B, B65C, B65D, B65G, B65H, B66#, B67#
26 Machine tools B21#, B23#, B24#, B26D, B26F, B27#, B30#, B25B, B25C,
B25D, B25F, B25G, B25H, B26B
27 Engines, pumps, tur-
bines
F01B, F01C, F01D, F01K, F01L, F01M, F01P, F02#, F03#,
F04#, F23R, G21#, F99Z
28 Textile and paper
machines
A41H, A43D, A46D, C14B, D01#, D02#, D03#, D04B, D04C,
D04G, D04H, D05#, D06G, D06H, D06J, D06M, D06P, D06Q,
D99Z, B31#, D21#, B41#
29 Other special machines A01B, A01C, A01D, A01F, A01G, A01J, A01K, A01L, A01M,
A21B, A21C, A22#, A23N, A23P, B02B, C12L, C13C, C13G,
C13H, B28#, B29#, C03B, C08J, B99Z, F41#, F42#
30 Thermal processes and
apparatus
F22#, F23B, F23C, F23D, F23H, F23K, F23L, F23M, F23N,
F23Q, F24#, F25B, F25C, F27#, F28#
31 Mechanical elements F15#, F16#, F17#, G05G
32 Transport B60#, B61#, B62#, B63B, B63C, B63G, B63H, B63J, B64#
V Other fields
33 Furniture, games A47#, A63#
34 Other consumer goods A24#, A41B, A41C, A41D, A41F, A41G, A42#, A43B, A43C,
A44#, A45#, A46B, A62B, B42#, B43#, D04D, D07#, G10B,
G10C, G10D, G10F, G10G, G10H, G10K, B44#, B68#, D06F,
D06N, F25D, A99Z
35 Civil engineering E02#, E01B, E01C, E01D, E01F-001, E01F-003, E01F-005,
E01F-007, E01F-009, E01F-01#, E01H, E03#, E04#, E05#,
E06#, E21#, E99Z
Note: This table is available in Excel format on: www.wipo.int/ipstats/en/statistics/patents




















Figure 29 : Page de résultats de la requête « 弔⹏愞 », c'est-à-dire « transposase » en 
chinois, avec le moteur de recherche chinois Baidu. La recherche donne 320 000 résultats. 
Figure 30 : Page de résultats de la requête « 弔⹏愞 », c'est-à-dire « transposase » en 
chinois, sur le portail d’information CNKI. Les résultats sont de 131 articles en anglais (en 
vert) et 2578 en chinois (en rouge). 

Fabien PALAZZOLI 
Exploitation de l’information brevets dans un laboratoire de 
recherche public : identification de niches de développement 
technologique en bioproduction et en thérapie génique 
Résumé 
Dans un monde où la course à l’innovation est de plus en plus rapide, il est important pour une entreprise innovante ou un 
laboratoire de recherche public de mettre en place une stratégie de protection et de valorisation de ses inventions qui soit 
performante. La protection des résultats par des brevets revêt une importance capitale pour le développement industriel des 
biotechnologies qui forment un secteur innovant et prometteur, et où la R&D exige des investissements financiers considérables. Au-
delà de cet intérêt fondamental, les brevets sont aussi une source de premier plan en matière d'informations technologiques, 
juridiques et stratégiques, pouvant être exploitées à travers des paysages brevets. Ces études constituent un outil privilégié d'aide à la 
décision en matière de stratégie de R&D puisqu’elles permettent de définir les axes de recherche des concurrents et les niches de 
développement technologique libres de droits de Propriété Intellectuelle. 
Dans cette optique, mes travaux de thèse ont consisté en l’élaboration et l’analyse de plusieurs paysages brevets sur des 
technologies utilisées en bioproduction et en thérapie génique : les transposons, les domaines de liaison à l’ADN de type doigt de 
zinc et les éléments de contrôle de la chromatine. Ces études ont permis l’identification de niches de développement technologique 
qui ont été intégrées dans les projets de recherche du laboratoire. Cependant, l’information brevets comme indicateur concurrentiel et 
technologique est largement méconnue dans les laboratoires de recherche publics pourtant eux-aussi des acteurs de l’innovation. J’ai 
donc montré par mes travaux que les laboratoires de recherche publics ont tout autant intérêt à miser sur l’information brevets et la 
veille stratégique pour rester compétitifs et innover. En effet, dans un contexte international où la compétition scientifique et 
économique s’intensifie, il est fort probable que les acteurs de l’innovation qui réussiront seront ceux qui utiliseront l’information 
disponible avec le plus de pertinence. 
Mots clés : information brevets, paysages brevets, veille stratégique, biotechnologies, bioproduction, thérapie génique. 
Résumé en anglais 
In a world where the innovation race is increasing fast, it is of economic importance for an innovative company or a public 
research laboratory to develop a strategy for the protection and enhancement of its inventions is efficient. Protection of results 
through patents is critical for the industrial development of biotechnology which are an innovative and promising sector where R&D 
requires considerable financial investments. Beyond this fundamental interest, patents are also a source of information on 
technological, legal and strategic, which can be exploited through patent landscapes. These studies are a key tool for decision support 
in R&D since they allow to identify research strategies of competitors and technological niches free from of Intellectual Property 
rights. 
In this context, my thesis work has consisted in the development and analysis of several landscapes patents on different technologies 
used in bioproduction and gene therapy: transposons, zinc finger DNA-binding domains and chromatin control elements. These 
studies allowed the identification of niches of technological development that have been then incorporated within the laboratory’s 
research projects. However, patent information as a competitive and technology indicator is largely unknown in the public research 
laboratories, yet they are also actors of innovation. I have therefore showed in my PhD thesis that public research laboratories have as 
much interest to capitalize on the patent information and intelligence to stay competitive and innovate. Indeed, in an international 
context where the scientific and economic competition intensifies, it is likely that the innovation actors that succeed will be those 
who will use the information available with the most relevance. 
Keywords: patent information, patent landscape, strategic survey, biotechnology, bioproduction, gene therapy. 
